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INTRODUCTION 
Of the major elements applied to soil as fertilizers, phosphorus is 
the least efficiently absorbed from the soil by plants, and hence the 
chemistry of phosphorus-soil interaction is a topic of major importance 
in soil fertility. When water-soluble phosphate fertilizers are added 
to soils, the fertilizers quickly dissolve and react with the soil. The 
nature of the products of the reaction is influenced by the chemical com­
position of both fertilizer and soil. Because the transformation of the 
original fertilizer phosphate to new and chemically different phosphates 
in the soil takes place in far less time than that required to grow crop 
plants from seed to harvest, the value of a soluble phosphate fertilizer 
as a source of phosphorus for plants depends to a large extent on the 
availability of the phosphorus in the newly formed soil phosphates. 
A review of the literature indicates that the crystalline products 
of reaction of water-soluble phosphate fertilizers with soils are pre­
dominantly iron and aluminum phosphates in acid soils and calcium phosphates 
in alkaline soils. Dibasic calcium phosphate dihydrate (CaHP0ij.*2H20) 
has been identified as an important initial reaction product. This com­
pound is sparingly soluble and, ^  vitro, has been observed to undergo 
transformation to octacalcium phosphate [CagH2CP0:^ )g*5H20] in slightly 
acid and alkaline solutions. The latter compound, in turn, has been ob­
served to undergo transformation to hydrox yapatite [0310(02)2(20^ )^ ]. 
The solubility of the compounds decreases with each succeeding transforma­
tion. 
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There is some evidence that transformations of calcium phosphates 
observed vitro occur also in soils, thereby decreasing the availability 
of phosphorus to plants. Information on the initial products formed in 
soils and on the transformations that may occur there with time is limited, 
however, perhaps because the properties of the phosphate products that 
might otherwise be measured by X-ray diffraction, pétrographie analysis, 
and other techniques are masked by the large excess of nonphosphatic 
material normally present. 
The investigation reported in this thesis was designed to overcome 
some of the problems of identification and hence to allow better defini­
tion of the factors affecting the formation and transformation of products 
of reactions of phosphate fertilizers with slightly acid and alkaline soils. 
The investigation was conducted in two parts. 
Part I had two prime objectives. The first objective was to develop 
techniques for direct identification.of crystalline phosphates produced 
in slightly acid and alkaline soils treated with soluble phosphate fer­
tilizers. The second objective was to use these techniques to determine 
the effect of various factors on the nature and transformations of the 
crystalline phosphates formed in the initial reaction between fertilizer 
and soil. 
Part II of the investigation was designed to complement Part I. The 
objectives of Part II were (i) to develop techniques for obtaining quali­
tative and quantitative data on the transformations of CaHPO^ 'ZHgO and 
CagH2(P0ij.)g*5H20 added to slightly acid and alkaline soils and (ii) to use 
these techniques to investigate the factors affecting these transformations. 
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REVIEW OF LITERATURE 
The reactions of water-soluble phosphate fertilizers in acid soils 
appear to be dominated by iron and aluminum. In alkaline soils, however, 
precipitation of relatively insoluble calcium phosphates is favored by 
the higher pH and the greater content of reactive calcium. This calcium 
is present in the exchangeable form and often in carbonate form as well 
(Tisdale and Nelson, 1966). 
The reactions of the slightly soluble calcium phosphates are complex, 
even in pure systems, and a review of the known properties of these 
phosphates is necessary in understanding their formation and transforma­
tion in soils. 
Chemistry of the Slightly Soluble Calcium Phosphates 
Only four of the slightly soluble calcium phosphates are definitely 
known to precipitate from aqueous solution in the CaO-P205-H20 system. 
They are dibasic calcium phosphate dihydrate (CaHP0i,.-2H20), anhydrous 
dibasic calcium phosphate (CaHPO^ ), octacalcium phosphate [CagH2(P0it.)g*5H2O], 
and hydroxyapatite [Ca^ Q(0H)2CP04)5]' (Mooney and Aia, 1961; Brown, 1964). 
Beta-tribasic calcium phosphate [P-CagCPO^ g^C i-s also precipitated from 
aqueous solutions, but only in the presence of magnesium or smaller ions 
(Hayek and Newesely, 1958). This compound is found in nature as the miner­
al whitlockite (Fleisch and Neuman, 1960) and in pathological calcifications 
( Tovborg Jensen and Rowles, 1957). The other well-established slightly 
soluble calcium phosphates, alpha-tribasic calcium phosphate [®C-Ca2(P0ij.)2 ] 
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and tetrabasic calcium phosphate [Ca^ 0(P04.)2] are high temperature pro­
ducts and have not been found in precipitates from aqueous solutions (Mooney 
and Aia, 1961; Brown, 1964). 
Brown (1954) stated that, of the salts listed in the preceding para­
graph, CaHPO^ /ZHgO is the most soluble and has been found the easiest to 
precipitate in good crystalline form and with the correct composition. 
This salt, although metastable with respect to CaHPO^ , can persist in 
dilute aqueous solutions for a long time. At high temperatures, or in 
concentrated solutions, its transformation to the anhydrous form is rapid. 
GaHPOij.-21120 has been shown to hydrolyze to more basic calcium phos­
phates under certain conditions. Moreno ^  a^ . (1960a)investigated the 
hydrolysis of CaHPOij.-2H2O at 25°C. in water and dilute phosphoric acid 
solutions in the absence of carbon dioxide. They found that this salt 
hydrolyzed to CagHgCPO^ a^'SHgO when the pH of the solution was 6.38 or 
higher. The extent of the hydrolysis increased with an increase in the 
initial pH of the solution. Rowles (1958) found that crystals of 
CagH2(P0i).)5*5H.20 were formed on the surface of CaHPOi;'2H2O by the action 
of water. Development of these crystals was inhibited or delayed by the 
presence of 10"^ M copper ions or 10"^  magnesium ions. 
By adding CaHP0^ '2H20 to distilled water with continuous stirring at 
85°C., Brown ^  £l• (1962) were able to detect CagH.2(P0ij.)g*5H20 crystals 
within 5 minutes. These crystals grew at the expense of the CaHPO^ 'ZH^ O 
for about 15 minutes until all the CaHP0ij.*2H20 had disappeared. At about 
this time, aggregates of fine acicular crystals of Ca^ Q(0H)2(P0^ )g were 
first observed. These aggregates developed slowly at the expense of the 
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CagH2(P0i(.)6*5H20, which dissolved. After the mixture had been allowed 
to cool and stand overnight, the remaining CagHgCPO^ G^'SHgO was found to 
have been converted to Ca]^ o(OH)2(PO^ .)g. A transformation from 
CaHP04*2H20 to CagH^ CPO^ G^'SH^ O to Ca]^ o(OH)2(POi^ )5 is thought to occur 
in dental calculus (Brown et a]^ ., 1957). CaHP0^ "21l20 can also form a more 
basic phosphate by reaction with dilute fluoride solutions to produce 
fluorapatite [CaioF2(P04)g] (Kurmies, 1953). 
Brown (1964) stated that CaHPO^ ,^ in contrast to the dihydrate, is 
difficult to prepare in good crystalline form and with stoichiometric 
composition. At room temperature, the dihydrate will usually precipitate 
in preference to the anhydrous form, but the latter is preferred at high 
temperatures, in concentrated solutions, or after longer periods of re­
action. At high temperatures and concentrations, Ca^ Q(0H)2(P0%)g also 
is likely to be a stable phase. The composition of the solution will de­
termine whether CaHPO^  or Ca2o(OH.)2(PO^ )g is the more stable phase. 
CagH2(P0i^ )g*5H20 was described long ago by Berzelius (1845) and 
Warington (1866), but its existence as a distinct crystalline species was 
not established until recently. Carlstrom (1955) and Neuman and Neuman 
(1958) questioned the existence of the species, but X-ray studies by Brown 
et al. (1957) and Bjerrum (1958) established CagH2(PO^ )5-51120 as a unique 
compound. CagH2(PO^ )5*51120 has frequently been found in systems more 
basic than dicalcium phosphate (Arnold, 1950; Tovborg Jensen and Hansen, 
1957; Hayek et al., 1960; Bjerrum, 1949), and it is now known that dental 
calculus contains this phosphate (Tovborg Jensen and Hansen, 1.957; Howies, 1958; 
MacGregor and Brown, 1965; Saxton, 1968). 
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A number of investigators have shown that CagH2(P0ij.)Q''5H20 will 
hydrolyze to form CaiQCOHOgCPO^ )^ . Arnold (1950) found that a solid of 
approximately Ca8H2(P0i|)6*5H20 composition transformed slowly at room 
temperature to a solid with composition approximating Ca]^ o(OH)2(POij_)g. 
MacGregor and Brown (1965) obtained evidence to support their view that, 
in children, bone mineral is first formed as CagH^ CPO^ G^'^ H^ O and that 
an aging process or hydrolysis converts the Ga8H2(P04)g*5H20 into 
Ca2o(OH),(P04)g in adult bone. Recent work by Simpson (1966) showed that 
initially precipitated CagH2(P0ij^ )g*5H20 was converted to Ca^ Q(0H)2(P04)6 
in a solution of pH 10.4 at 25°C. High partial pressures of carbon di­
oxide, however, were found to favor the formation of CagH2(P0^ g^.5H20 over 
apatite when calcite was reacted with a solution of sodium phosphate. In 
the presence of fluoride, apatite formed even under high carbon dioxide 
concentration. Presumably the final product in this case was fluorapatite, 
although the author did not state so. 
At higher than room temperatures, particularly above 50°C., 
Ca8H2(P0it,)6*5H.20..has been shown to hydrolyze readily to Caj^ Q(GH)2(P0ij,)6 
(Brown et , 1952). Working with a single crystal of CagH2(P04)g*5H20, 
Brown et al. found that the Weissenberg pattern of the crystal showed 
reflections for both CagH,2(P04)6'5H20 and Caio(OH)2(P04)6 after it had been 
boiled in water for 6 hours. After 72 hours the Weissenberg pattern in­
dicated that the product was essentially all Ca]_oCOH)2(PO/;)g. 
The hydrolysis of CagH2(P0^ )g'5H20 is inhibited by magnesium at con­
centrations as low as O.OOIN. The inhibition is a result of the formation 
of a magnesium complex on the terminal edges of the CagH2(P0^ )g"5H20 
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crystals (Brown et , 1962). In contrast, fluoride is known to induce 
the hydrolysis of CagH2(P0/j,)5*5H20 to Ca2^ oF2(P04)6 (Parr ^  al., 1962), 
and this reaction proceeds much faster than that between Ca]_Q(0H)2(P0i^ )g 
and fluoride (Brown et al., 1962). 
Ca]^ o(OH)2(^ 04)5 is the most basic calcium phosphate that can pre­
cipitate from aqueous solution (Brown, 1964). Bassett (1917) stated that 
it is the only calcium phosphate which is not decomposed by water. However, 
in aqueous solutions containing low concentrations of fluoride ion, 
CaioF2(POij.)g is the most stable calcium phosphate (Farr et al., 1962). 
The replacement of hydroxy 1 in Ca^ Q(0H)2(P0ij.)g by fluoride to form 
CaioF2(P04)6 nonetheless occurs very slowly (Russell, 1961; and Brown 
et al., 1962). 
Many investigators have observed that precipitated calcium phosphates 
which give apatitic X-ray patterns often have mole ratios of calcium to 
phosphorus less than that in Ca^ Q(0H)2(P0i^ )^g (Arnold, 1950; Carlstrom, 
1955; Eisenberger et a]^ ., 1940; Neuman and Neuman, 1958; Posner et al., 
1960; Stutman et al., 1962; Winand and Dallemagne, 1962). Suggestions by 
these investigators as to the reason for this apparent anomaly include (a) 
solid solutions among different phosphates with varying ratios of calcium 
to phosphorus, (b) defect-apatite structures, (c) isomorphous replacement 
of calcium ions of apatite by hydronium ions, and (d) solids with compo­
sitions that have been altered by adsorption or by other changes in the 
calcium to phosphorus ratio on the surface. 
Brown et al. (1962) stated that none of these explanations offered is 
entirely satisfactory. Brown et al. conducted X-ray and pétrographie in­
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vestigations of basic calcium phosphates, of which the mole ratios of 
calcium, to phosphorus ranged from 1.33 [that in Cagll2(^ 0^ )6'5H2O] to 
1.67 [that in Ca^ Q(0H)2(P0i|^ )g]. They obtained evidence to support the 
suggestion of Brown ^  (1957) that Ca]^ o(OH)2(POi^ )5 and CagHgCPO^ )^ ' 
5H2O form crystalline interlayered or lamellar mixtures, analogous in this 
respect to clays. Both CagH2(P0^ )g'5H20 and Caj^ Q(0H)2(P0ij.)g have a layer-
type structure (Taves, 1963; Brown, 1962), and the similarity of part of 
the CagH2(P0zj.)g*5H20 structure to that of Ca]^ o(OH)2(POi;)g allows epitaxial 
overgrowths of one compound on the other (Brown, 1962). Preparations with 
ratios of calcium to phosphorus intermediate between those of 
Ca]^ Q(OH)2(PO/j.)5 and Ca8H2(P0ij.)Q*5H20 were found by Brown et a^ . (1962) to 
give X-ray powder diffraction patterns with lines for both compounds. 
The relative intensities of the CagH2(P04)g-5H20 lines generally decreased, 
and those of the CaiQ(0H)2(P04)6 lines increased, as the ratio of calcium 
to phosphorus increased. 
Reaction of Water-Soluble Phosphate Fertilizers with Soils 
Monobasic calcium phosphate monohydrate [Ca(H2P0i|.)2*H20], the main 
phosphatic constituent of superphosphate, is one of the most widely used 
water-soluble phosphates, and hence the interaction of this salt with soils 
has been studied extensively (Huffman, 1962). Of the other water-soluble 
phosphate fertilizers in use, monobasic ammonium phosphate (NH^ H2P*^ it) and 
dibasic ammonium phosphate [(NHi^ )2HP0ij.] are the most important (Lindsay 
and Taylor, 1960). 
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Fertilizer dissolution process 
Lehr et £l. (1959) studied the dissolution process in some detail. 
When a water-soluble salt such as Ca(H2P0ij,)2*H20, or (NHi(.)2HP04 
is placed in a moist soil, water vapor moves from the surrounding soil in­
to the fertilizer to form an almost saturated solution. This concentrated 
solution is removed from the granule by the capillary action of the soil. 
The process of inward movement of water and outward movement of solution 
continues until the concentration of the solution is decreased by dilution 
or precipitation of the phosphate to a level at which no osmotic gradient 
remains. 
Ca(H2P0i|)2*H20 does not dissolve congruently in water but hydrolyzes 
to form phosphoric acid and dicalcium phosphate (Farr, 1950). Lindsay 
and Stephenson (1959a) showed that shaking excess Ca(H?P04)2'H20 with 
water at room temperature resulted in the formation of a solution which 
was in metastable equilibrium with freshly precipitated CaHP04-2H20 
and undissolved Ca(H2P0ij,)2"H20. After 2k hours the composition of this 
so-called metastable triple-point solution changed to that of the stable 
triple-point solution as the more stable CaHPO^  slowly precipitated out 
and the initially formed CaHP0/j.*2H20 dissolved. The metastable triple-
point solution was found to have a pH of 1.48 and to be 3.98 M in phos­
phorus and 1.44 M in calcium. The triple-point solution had a pH of 1.01 
and was 4.50 M in phosphorus and 1.34 M in calcium. Lindsay and Stephenson 
investigated the dissolution of a band of Ca(H2P0^ )2*H20 in soil and found 
that the solution moving out of the band approximated very closely the 
metastable triple-point solution. 
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According to Brown and Lehr (1959), the composition of the solution 
leaving a Ca(H2P0ij.)2"H20 granule is independent of the composition of the 
surrounding soil. Using phase rule data, they calculated the quantity of 
dicalcium phosphate that should remain as residual material at the site 
of the original Ga(H2P0ij,)2*H20 source. They estimated that 28% of the 
phosphorus would be precipitated if only CaHPO^  formed, whereas 21% of 
the phosphorus would be precipitated if only CaHPO/|*2H20 formed. Residues 
from pellets of Ca(H2P0i^ )2"H20 allowed to dissolve in four soils kept at 
0.5 moisture equivalent were found to contain between 27% and 30% of the 
original phosphorus. Hinman et al. (1962) found that the mean amount of 
phosphorus remaining at Ca(H2P0^ )2*H20 granule sites in soil at four tem­
peratures and two water levels was 20.2%. 
The effect of associated nonphosphatic salts on the transformation 
of Ca(H2P0i).)2*H20 was investigated by Bouldin et a^ . (1960). They found 
that the fraction of added phosphorus that remained as a residue at the 
granule site varied from 92% when CaCOg was mixed with the Ca(H2P0:^ )2*H20, 
to only 2% when ammonium sulfate [ (NH4)2S0ij.] was added. 
The ratio of CaHP0j^ *2H20 to CaEPO^  remaining as residues of 
Ca(H2P04)2'H20 dissolution varies with moisture and temperature. Lehr et 
al. (1959) and Bouldin et al. (1960) found that high soil moisture and 
low temperatures favored the dihydrate over the anhydrous form. High 
soil temperatures in conjunction with high moisture, however, favored the 
dihydrate. 
Of interest here is the finding by Bouldin et al. (1960) that when 
CaCOg was mixed with Ca(H2P0i^ )2*H20 in soil, CagH2(P0i^ )^g*5H20 formed as a 
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major phase in addition to CaHP02(,"21^ 0. The CagH^ CPOy^ G'SHgO formed ex­
tensively as concretionary deposits upon residual calcite crystals during 
the 3-week incubation period. Lehr and Brown (1958) isolated the residues 
of Ca(H.2P0^ )2*H20 from soils which had been cropped for approximately 4 
months. In three acid soils the residues were identified as CaHPO^ '^ HgO 
and CaHPOi;, the latter representing approximately 5% of the residue in 
each soil. In two basic soils to which Ca(H2P0i^ )^2*H20 had been added, 
only a few crystals of CaHPO^ /ZHgO were detected, the main phase in the 
residue being CagH2(P0^ )g*5H20. 
Unlike Ca(H2P04)2*H20, NH4H2PO4 and (NH^ )2HP0^  dissolve congruently 
in water with no hydrolysis or precipitation of new phases. The saturated 
solution produced by NHi^ H2P0ij^  has a pH of 3.47 and is 2.87 M in phosphorus 
and ammonium, whereas (NH^ )2HP02| produces a saturated solution of pH 7.98 
and is 3.82 M in phosphorus and 7.64 M in ammonium (Lindsay_et_al., 1952). 
The pH and the cation contents of the saturated solutions of Ca(H2P0^ )2'H20, 
and (NHij.)2HP0|^ , are so different that some diversity is to be ex­
pected in the nature of the crystalline phosphates formed when these solu­
tions interact with a given soil. 
Identification of reaction products 
Identification after isolation from soil Some success in identifying 
the crystalline phosphates produced in soils treated with soluble phosphate 
salts has been achieved by probing small quantities of the phosphates from 
the soil and examining the isolated substances in one way or another. 
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CaHPO^ '2R2O and CaHPO^ j. residues left after the dissolution of 
CaCH.2p0^ .)2*H20 granules in soil have been isolated and subsequently-
identified with relative ease. The coarsely crystalline residues have 
been separated from the soil by "handpicking" under a microscope (Lehr 
and Brown, 1958; Lehr et , 1959) or by use of the vacuum procedure 
described by Bouldin and Sample (1958). The nature of these residues and 
the factors affecting their composition have been discussed previously. 
Hinman ^  al. (1962) were able to probe small amounts of reaction 
products from the soil immediately surrounding the site of a Ca(H.2pO(^ )2*H20 
pellet which had reacted with a calcareous very fine sandy loam for 2 
weeks. Collection of the phosphate was facilitated by the accumulation of 
relatively coarse crystals in the form of Liesegang rings (or periodic 
precipitates). After being washed with acetone, the crystals were identi­
fied by their optical properties as CaHPOij,*2H20 and CaHPO/j., the former 
being the most prevalent phase. 
Racz and Soper (1967) used X-ray diffraction analysis to identify 
the crystalline phosphates produced in two calcareous soils treated with 
pellets of NHij,H2P0^  and (NHi^ )2HP04. The compounds probed from the soil to 
which NHi^ H2P0i,. had been added were identified as CaHPOfj.*21120 and dibasic 
magnesium phosphate trihydrate [MgHP0i^ *3H20]. Only CaHPO^ -2H.20 was formed 
in the soil having a ratio of 2.12 moles of water-soluble calcium to 1 of 
water-soluble magnesium, whereas both MgHP0ij,*3H20 and CaHP0ij.-2H.20 were 
formed in the soil with a ratio of 0.69 mole of water-soluble calcium to 
1 of water-soluble magnesium. Both soils reacted with (NH/i.)2HP0ij. to 
form only MgHP0^ *3H20. 
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Nagelschmidt and Nixon (1944) identified the phosphate coating on 
chalk fragments isolated from a field to which superphosphate had been 
added for over 100 years. Removal of the calcium carbonate by heating 
the chalk to SOO°C. and extracting the resulting calcium oxide with a car­
bon dioxide-free sucrose solution left a residue which gave the X-ray 
powder pattern of an apatite. 
Of relevance here are the investigations designed to detect the trans­
formations of calcium phosphates with time after their precipitation in 
soil. CaHPOi).*2H20 is an important initial soil-fertilizer reaction pro­
duct in the vicinity of Ca(H2P04)2*H20 or NH4H2PO4 fertilizer (Lindsay 
et al., 1959; Lindsay and Taylor, 1960; Racz and Soper, 1967). Above 
pH 5, CaHPO^ 'ZH^ O is theoretically unstable with respect to CaHPO^ ,^ 
CagH2(P0ij,)5*5H20, and Caio(OH)2(P04)6 (Moreno et 1960b). 
Lehr and Brown (1958) investigated the possible transformation of 
CaHPOit*2H20 added to a number of acid and alkaline soils which were cropped 
for approximately 4 months. The phosphate residues were carefully isolated 
from the soils and subjected to pétrographie and X-ray examination. Lehr 
and Brown found that in acid soils the CaHPO^ 'ZH^ O was unaltered, whereas 
in three alkaline soils it had changed extensively to CagH2(P0i^ )5*5H20 
and possibly Caio(OH)2(PO^ )6" In a fine sandy loam limed to pH 5.4, 6.6, 
7.2, and 7.5, the amount of alteration to CagH2(P0^ )g'5H20 increased from 
pH 6.6 to 7.5, no alteration being observed at pH 5.4. In conjunction with 
these experiments, Lehr and Brown also added CaHPO^ , CagH2(P04)g*5H20, 
CaiQ(0H)2(P0^ )6, and Ca3(P0ij.)2 to the same range of acid and alkaline soils. 
However, none of these compounds appeared to have changed physically or 
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chemically during the 4-month experiment. 
Larsen et al. (1964) added CaHPOi(.*2H.20 to both acid and alkaline 
soils and, after 26 months, were able to recover from 0% to 20% of the 
original phosphate in granules separated from the soil. X-ray examination 
showed only CaHP04*2H20 to be present in the residues. Similar results 
were obtained by Racz and Soper (1967), who incubated CaHPO^ 'ZH^ O in 
four alkaline soils (containing from 0.17% to 25.20% carbonate) and in 
CaCOg and MgCO^ . After 1, 3, and 6 months, samples of the phosphate were 
recovered and subjected to X-ray analysis. CagH2(P0^ )g'5H^ 3 was formed 
after 1 month when CaHPO^ /ZH^ O was incubated in CaCOg; however no altera­
tion product was detected in the MgCOg or any of the four soils, even after 
6 months. 
Inference from phosphates precipitating from fertilizer-solution 
extracts of soil Lindsay and Stephenson (1959b), being aware of the 
difficulties involved in isolating small quantities of crystalline reaction 
products from soils treated with phosphate fertilizers, developed a new 
approach to the problem. These investigators devised a technique to 
simulate a sampling of the reacting solution in the soil surrounding a 5-
mesh fertilizer granule at distances of 0.2, 0.4, 0.6, ..., 2.0 mm. from 
the granule. The crystalline phosphates that formed when the solutions were 
allowed to stand were presumed to be the same as the crystalline phosphates 
that would have formed in soil around the hypothetical granule, but the 
components could be identified with comparative ease because of the ab­
sence of soil. 
The details of the method of Lindsay and Stephenson are as follows. 
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Three hundred and fifty grams of air-dry soil were shaken with 700 ml. of 
saturated CaCHgPO^ ^^ 'H^ O solution for periods of 1 to 16 hours. The sus­
pension was filtered, a quantity of the filtrate was set aside, and the 
remainder of the filtrate was shaken with a smaller quantity of soil, main­
taining the ratio of 1 gram of soil to 2 ml. of solution as before. This 
sequence of operations was repeated until ten quantities of soil had been 
equilibrated successively with the solution. The pH of each solution was 
measured, the content of phosphorus, iron, aluminum, manganese, and cal­
cium was determined, and the portion of the solution not used for these 
analyses was allowed to stand in a stoppered flask for 3 months. The 
solids that precipitated were washed with water and acetone and then 
examined by X-ray and pétrographie methods. 
Using this technique Lindsay et al. (1959) reacted the metastable 
triple-point solution (the solution saturated with respect to Ca(H2P0^ )^2*H20 
and CaHP04*2H20) with a slightly calcareous loam. Analysis of the suc­
cessive filtrates showed that appreciable amounts of aluminum, iron, man­
ganese, and calcium were dissolved or exchanged from the soil. The solu­
tion gradually became supersaturated with respect to calcium, iron, and 
aluminum phosphates, and, as the pH rose above 2.3, precipitation of phos­
phate was observed. CaHP0ij.*2H20 was identified as a precipitated phase 
in each of the ten filtrates. Only a small amount of CaHPO^  was found, 
and this was mainly in the more acid filtrates which had contacted only 
one or two batches of soil. The only crystalline compound found in the 
filtrates in addition to the calcium phosphates was potassium taranakite 
[ll6K3Al5(P04)8*18H20]. 
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Investigations by Lindsay and Stephenson (1959a) had shown that the 
soil nearest a granule of Ca(H2P04)2*H20 is repeatedly contacted by fresh 
emerging metastable triple-point solution as long as any Ca(H2P0ij^ )2*H20 
remains undissolved. Moreover, water vapor continues to move into the 
reaction zone, where it condenses and dilutes the concentrated salt solu­
tion. In an attempt to simulate this changing chemical environment sur­
rounding a Ca(H2P0i^ )2*H20 source, Lindsay and Stephenson (1959c) repeated­
ly reacted a slightly calcareous soil with the metastable triple-point 
solution and later with water. Soil repeatedly contacted by the saturated 
solution became more acid and showed continued loss of iron and aluminum 
to the solution. Precipitates identified in the filtrates which had stood 
1 year consisted of CaHP0ij.*2H20, HgK^ Al^ (P0£^ ) " 18H2O, a potassium aluminum 
iron phosphate [HgK(Al,Fe)3(P0^ 6^'6H20] and a trace of CaHPO^ . Addition 
of water to the soil residues increased the pH and caused further pre­
cipitation of phosphate from solution. Analysis of the filtrates after 
1 year showed the presence of HQK3Al5(POi^ )8*18H20, HgK(Al,Fe)3(P0%^ 6'6H20, 
and CaHPO:^ *2H20. 
A comprehensive study of the reactions of the saturated solutions of 
Ca(H2P04)2*H20, NHij,H2P0i^ , and (NHi),)2HP0i;. with' soils and common soil con­
stituents was conducted by Lindsay et a]^ . (1962). Addition of CaCOg, 
magnesium oxide [MgO], or dolomite [03^ 2(003)2]3 to the metastable triple-
point solution resulted in the precipitation of CaEP0%/2H20 and CaHPO^ ,. 
With large additions of MgO, MgHP04'3H20 also formed. Addition of aluminum 
hydroxide [A1(0H)3] caused the formation of two calcium aluminum phosphates, 
CaAlH(P04)2*61120 and CaAl6H/j.(POij,)3'20H20. Calcium ferric phosphate-
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[CaFe2(HP04)iv*8H20] and a colloidal hydrated iron phosphate [(Fe,X)P04'nH20] 
were formed on addition of ferric oxide [Fe203*H20]. CaHP0;j^ *2H20 was 
formed in larger quantities than any other reaction product. The excess 
of this substance over the others was greatest in calcareous soils. 
Reaction of an acid fine sandy loam with a saturated solution of 
NH4H2PO4 yielded an ammonium taranakite [(NH4)2AlgKg(P0^ )g'18H20] as a 
reaction product. A calcareous loam reacted to form CaHPO/j. and struvite 
[MgNHij,P0^ *6H20]. A variety of substances was produced when pure compounds 
were added to the NH4H2PO4 solution. AlCOH)^  produced (NH^ g^AlgHgCPO^ jg" 
ISHgO, Fe203*H^ 0 formed an ammonium ferric phosphate [NH4Fe(HP0i).)2] j and 
A1(011)3 and Fe203*H20 together gave (NH^ )3Al5Hg(P0^ )g'18H20 and colloidal 
(FejAl,X)P0i^ *nH.20. CaHPO^ 'lH^ O was the main product of CaC03 addition, 
whereas CaHPO^ -2H2O and MgNH^ POi^ -6H2O formed when CaMg(003)2 was added. 
Small amounts of MgO reacted with the NH^ H^ PO^  solution to form MgNHi^ PO^ ' 
6H2O and MgHP04'3H20 as transient phases, with hannayite [&%3(NH2j,)2(HP0/,)4' 
8H2O] as the persisting phase. Larger amounts of MgO produced only 
MgNK4P04'6H20" 
Lindsay et al. found that the acid fine sandy loam reacted with the 
alkaline (NHi^ )2HP0ij, solution to form MgNH^ POi],*61120 and a basic aluminum 
phosphate [NH4.Al2(P0i;)20H*8H20]. Filtrates from the reaction of (NH%)')EP0j^  
solution with the calcareous loam also yielded MgNH^ ,PO^ ,'ôHgO in addition 
to a calcium ammonium phosphate [Ca(NH.y^ 2(HP0^ )2'H20], originally reported 
as Ca2(NH4)2(HP0^ )3*2H20. The correct formula was given by Frazier et al. 
(1964). 
When small amounts of CaC03 were added to the (NH2^ )2llP0q^  solution, 
Ca(Nll|j^ )2(HP0^ )2*H20 and, later, CagH2(P0ii.)g-5H20 were formed. With larger 
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additions of CaCOg, CagHzCPO^ ja'SH^ O appeared first but later dissolved 
to form mainly a calcium ammonium phosphate [CaNH^ PO^ /H^ O] with lesser 
amounts of Caio(OH)2(P04.)5. CaMg(C03)2 formed the same reaction products 
as the calcareous loam, MgNH^ PO^ '6H2O and Ca(NH^ )2(HP0i^ )2*H20. AlÇOH)^  
reacted with the (NH^ )2HP04 solution to produce NHij^ Al2(P0ij.)20H*8H20, as 
did the acid fine sandy loam. No crystalline reaction product was pro­
duced upon addition of Fe203«H20. 
Following this comprehensive study by Lindsay et , a number of 
investigators have obtained similar results using the same technique. 
Beaton et al. (1963) reacted a calcareous fine sandy loam with saturated 
solutions of NH^ HgPO^  and (NH^ )2HP0^ . Infra-red analysis of the reaction 
products led the authors to the conclusion that CaHPOij.*2H20 and 
Ca-|^ g(0H)2(P0^ )g were the major initial reaction products obtained with 
NH4H2PO4 and (NH:^ )2HP0i|j respectively. Similar results were obtained by 
Larsen and Widdowson (1966). The reaction of NH4H2PO4. and (NH4)2HP0ij, 
with a calcareous clay produced CaKP0i;*2H20 and CaQ^ o(OH)2(PO(j^ )5, respective­
ly. When the fertilizer solutions contained pyrophosphate, however, 
neither CaHPOq/ZH^ O nor Ca^ Q(0H)2(P0i^ )5 was formed. The authors suggested 
that the pyrophosphate inhibited the formation of these calcium phosphates 
by preventing either nucleation or crystal growth. 
The ratio of water-soluble calcium to water-soluble magnesium in soil 
was found by Racz and Soper (1967) to be related to the types of crystal­
line phosphates formed when the soils interact with solutions of phosphate 
fertilizers. A calcareous soil with a ratio of 0.69 moles of water-
soluble calcium to 1 mole of xjatar-soluble magnesium reacted with 
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to form. CaHP0^ -2H20 and MgHPOi^ -SHgO" Only CaHP0£^ -21l20 was pro­
duced, however, when NH4E2PO4 reacted with a calcareous soil having a ratio 
of 2.12 moles of water-soluble calcium to 1 mole of water-soluble magnesium. 
Both soils reacted with (NH4)9HP0ij, to form MgHPOi).*3H20 as the only product. 
It is apparent from the investigations discussed previously that a 
large number and variety of reaction products have been identified by the 
use of the technique of Lindsay and Stephenson (1959b). This is in contrast 
to the relatively small number of reaction products identified by direct 
isolation from soil. The difference between the two methods may or may not 
be due to the fact that the direct isolation method lacks the sensitivity 
of the Lindsay and Stephenson technique. 
The latter method involves the repeated contact of a saturated fer­
tilizer solution with air-dry soil. • This causes a relatively slow dilu­
tion of the saturated solution with soil water during the repeated ex­
tractions. In agricultural soils in which the water content is somewhat 
higher than that in the air-dry state, the saturated fertilizer solution 
would be expected to become progressively diluted more rapidly as it moves 
into the surrounding soil. Accompanying the decreases in concentration 
of phosphate should be changes in pH and differences in dissolution of 
soil constituents, all of which might have some effect on the nature of the 
crystalline phosphates produced and the distance at which they are pro­
duced from the source. Another possibility is that some of the substances 
identified by Lindsay and Stephenson have been overlooked by persons at­
tempting physical isolation of the products from the soil because certain 
of the reaction products occur only in a thin layer of soil immediately 
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adjacent to the fertilizer. 
Inference from composition of aqueous extracts of soil This method 
involves comparing the solubility product constants for known phosphates 
with the ion-activity products calculated for solutions in equilibrium 
with soils. A plot of ^  pCa + pHgPO^  ^(phosphate potential) against pH -
% pCa (lime potential) for solutions in equilibrium with a given calcium 
phosphate yields a straight line characteristic for that phosphate species. 
The p's refer to the negative logarithms and the ion symbols to the ion 
activities. The values of %pCa + pHgPO^  and pH - ^ pCa are computed for 
the solution in equilibrium with a given soil, and the values are plotted 
as a point on the solubility diagram. If an experimentally determined 
point falls on one of the lines representing the solubility of a given cal­
cium phosphate, the implication is that the solution is in equilibrium 
with this compound and that the compound must be present in the soil. 
Only limited success has been achieved by the use of this method to 
identify the reaction products of phosphate fertilizers and alkaline soils. 
Aslyng (1954) measured the lime and phosphate potentials of a number of 
Rothamsted soils. In neutral and calcareous soils which had received 
regular applications of superphosphate, Aslyng found the phosphate was 
more soluble than Caj^ Q(0H)2(P0^ )g and less soluble than CaHPO^ 'ZH^ O and • 
appeared to approach CagH2(P0i^ )g*5H20 in composition. Weir and Soper 
(1963) found that the solubility points for fertilized and unfertilized 
calcareous soils from Manitoba did not correspond to any definite compound 
but fell between the solubility lines of CagH2(P0/^ )5*5H20 and CaiQ(0H)2(P0/;)6. 
Similar results were obtained by Larsen and Court (1961) on a number of 
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fertilized acid and alkaline soils. The solubility values obtained ex­
hibited no particular tendency to follow the solubility line for any of 
the calcium phosphates. 
Hagin and Hadas (1962) applied the solubility product principle to five 
calcareous soils to which various quantities of Ca(H2P0f^ )2*H20 had been 
added. The ion activity product increased from a value corresponding approxi­
mately to a saturated solution of CagH2(P0^ )g*5H20 in the control soil to a 
value indicating supersaturation with respect to CaHP0ij.*2H20 at the highest 
phosphate application. The authors concluded that either no calcium phos­
phate compounds having a well-defined structure were formed or, more prob­
ably, that an equilibrium between the solid phase and solution was not 
reached. Essentially similar results were obtained by Withee and Ellis 
(1965) when they added various quantities of phosphorus to two calcareous 
soils. . 
The apparent supersaturation with respect to CaHP04*2H20 found by Hagin 
and Hadas and Withee and Ellis may be explained by the findings of Moreno 
et al. (1960), who investigated the equilibration of CaHPOij.*2H2O and soil. 
These investigators found that solubilized soil organic matter complexed 
calcium ions in appreciable quantities above pH 0, introducing apparent 
supersaturation conditions with respect to CaHPO^ 'ZH^ O. The rate of pre­
cipitation of CagH2(P04)6'5H20, expected to form at pH values above pH 6.4 
in solutions saturated with CaHP04"2H20) was reduced by the organic matter. 
One of the major complications with the solubility product method is 
that solutions in contact with CagH2(P0ij.)g*5H20 and Ca-|^ Q(0H)2(P04)g may re­
main supersaturated with respect to these species for a long time (Bjerrum, 
1949; Wier, 1968). This behavior is probably reflected in most of the in­
vestigations discussed. 
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PART I. REACTION OF MONOBASIC CALCIUM PHOSPHATE MONOHYDRATE, 
MONOBASIC AMMONIUM PHOSPHATE, AND DIBASIC AMMONIUM 
PHOSPHATE WITH SLIGHTLY ACID AND ALKALINE SOILS 
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MATERIALS, APPARATUS, AND METHODS 
Materials 
Soils 
The pH and source of the six untreated soils used in this investiga­
tion are shown, in Table 1. Each soil was a surface sample and, except 
for the Harpster silty clay loam II, had not received fertilizer. A 
small amount of potassium chloride (KCl) had been applied to the Harpster 
silty clay loam II. The soils were air-dried, crushed to pass a 2 mm. 
sieve, thoroughly mixed, and stored in polyethylene bags until used. Cer­
tain physical properties of the soils are shown in Table 2. 
Quantities of each of the three acid soils were adjusted to different 
pH values as described in the section on methods. The adjustment of the 
pH values of the two Harpster soils and the addition of CaCO^  to the Norfolk, 
Lloyd, and Webster soils is also described in that section. Certain chemi­
cal properties of the natural and adjusted soils are listed in Table 3. 
Phosphates 
The three phosphates used in this investigation, Ca(H2P0^ )2'H20, 
NH^ HgPO^ , and (NHi^ )2HP0ij., were reagent-grade quality. The phosphate 
crystals were sieved, and the 40- to 50-mesh fraction was washed with 
acetone, dried under vacuum, and stored in tightly sealed glass containers 
until used. 
Polyethylene film 
The low-density polyethylene film (Polyfilm 114) employed as a water 
vapor seal on top of the soil columns was obtained from the Dow Chemical 
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Table 1. The pH and source of the untreated soil samples 
Soil type Reference number pH^  Source 
Norfolk loamy sand 
Lloyd clay loam 
Webster silty clay loam 
Harpster silty clay 
loam I 
Harpster silty clay 
loam II 
Darling Downs clay 
U.S.D.A. 51552 5.78 
U.S.D.A. 51653 6.09 
F 2984 5.74 
F 2871 7.23 
F2874 7.40 
7.80 
North Carolina 
Georgia 
Control plot, N.E. corner 
of Agronomy and Agricul­
tural Engineering Field 
Research Center, Iowa 
State University 
Plot 1114, Old Agronomy 
Farm, Iowa State Uni­
vers ity 
Plot 1215, Old Agronomy 
Farm, Iowa State Uni­
versity 
Queensland, Australia 
p^H determined on a suspension of 1 part soil to 2 parts 0.01 M 
CaCl2 by weight with a Beckman pH meter. 
Company, Chicago, Illinois. The film was 1 ml (0.00254 cm.) thick. 
Miscellaneous 
The white massive calcite (chalk) used to make the CaCO^  chips 
originated in Dover, England, and was obtained from Ward's Natural Science 
Establishment, Rochester, New York. 
The glass-fiber filter paper used in this investigation was Whatman 
brand, number GF-83, having a weight of 55g. per m^  and a thickness of 
Table 2. Certain physical properties of soils used 
Water content by weight Particle size distribution Dominant 
Retained at Retained at by weight, % clay 
Soil matric suc-
t ion of 0.3 
bar, % 
field 
pacity 
ca- KIVL. 
, % 
1 C
M 
4-8^  
r-
l 1 
)C
0 
16-31^  31-62^  >62u mineral 
Norfolk loamy sand 3.5 11.9 3.3 0.2 0.2 1.5 1.1 4.8 89.0 Vermiculite 
Lloyd clay loam 21.6 21.8 18.0 3.7 4.3 6.2 6.1 4.8 57.0 Kaolinite 
Webster silty clay loam 32.6 27.4 33.6 4.7 7.5 12.4 13.5 7.7 20.6 Montmoril-
lonite 
Harpster silty clay loam I 31.3 27.3 32.2 4.4 7.3 10.2 13.7 9.4 22.8 Montmoril-
lonite 
Harpster silty clay loam II 31.6 27.8 38.6 4.9 10.3 10.3 12.1 7.3 16.4 Montmoril-
lonite 
Darling Downs clay 56.5 51.1 48.9 13.8 10.5 8.2 7.5 4.6 6.6 Montmoril-
lonite 
Table 3. Certain chemical properties of the natural and adjusted soils 
Soil PH* pH^  Organic Calcium Cation ex­ Exchangeable Exchangeable 
type in in carbon, carbonate change capa- calcium/lOOg., magnes ium/1OOg. 
water CaCl2 % equivalent, city/lOOg., m.e. m.e. 
% m.e. 
Norfolk 7.10 6.41 0.41 0.00 10.9 1.52 0.97 
loamy 7.52 6.87 0.41 0.00 10.9 1.62 0.70 
sand 8.41 7.91 0.41 0.00 10.9 2.52 0.42 
8.52 7.91 0.40 9.09 9.2 6,02 0.70 
9.64 8.70 . 0.41 0.00 10.9 0.79 0.55 
Lloyd 6.62 6.21 4.43 0.00 21.0 4.96 1.02 
clay 7.18 6.81 4.43 0.00 21.0 7.32 0.85 
loam 7.84 7.49 4.43 0.00 21.0 9.13 0.49 
7.94 7.51 3.99 9.09 19.1 10.10 0.47 
Webster 6.88 6.53 3.59 0.00 34.0 21,3 4.81 
s ilty 7.39 7.04 3.59 0.00 34.0 25.8 4.77 
clay 8.00 7.71 3.59 0.00 34.0 29.2 3.51 
loam 8.05 7.75 3.23 9.09 30.9 25.0 2.42 
Harpster 8.03 7.51 4.16 2.99 35.4 27.1 1.97 
s ilty 
clay loam I 
Harpster 8.03 7.52 4.13 21.7 39.9 33.1 1.75 
silty clay 
loam II 
Darling 8.55 7.80 3.82 4.01 53.6 38.4 11.8 
Downs clay 
p^H determined on a suspension of 1 part soil to 2.5 parts water by weight. 
p^H determined on a suspension of 1 part soil to 2 parts O.OIM CaClg wy weight. 
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0.26 mm. 
The certified refractive index liquids employed covered the index 
range from 1.460 to 1.700 in intervals of 0.010 and were obtained from 
Ward's Natural Science Establishment, Rochester, New York. 
Apparatus 
The columns fabricated to contain the soil-fertilizer system under in­
vestigation were constructed as follows. A section 10 cm. long was cut 
from a cylinder of Plexiglas (an acrylic plastic) with an outside diameter 
of 4.45 cm. and a wall thickness of 0.32 cm. "The section was then cut 
longitudinally to produce two mirror-image halves. The halves were ce­
mented back together to form a cylinder using white silicone rubber seal 
marketed by the General Electric Co. The ends of the cylinder were closed 
with sheets of Plexiglas 5 cm. by 5 cm. by 0.63 cm. Each sheet had a hole 
drilled in each corner to permit use of bolts to hold the assembly together. 
One sheet was solid, except for the corner holes, and the other had a 
central hole 2.54 cm. in diameter. The sheet with the central hole was 
cemented to the cylinder with silicone rubber before the column was filled 
with soil. The other sheet was not cemented in place until the column had 
been filled. 
Pellet press for mounting CaCOg chips 
The embedding of a CaCOg chip in a pellet of cornstarch for X-ray 
analysis was performed using the apparatus illustrated in Figure 1. 
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3 
A 
B 
C 
D 
E 
F 
G 
H 
T 
CoCOgCHIP 
CORNSTARCH 
COPPER RING 
STAIMLESS STEEL BASE PLATE 
PLEXIGLASS BLOCK 
STAINLESS STEEL PLUNGER 
SPRING 
TOP PLATE OF CARVER PRESS 
. BOTTOM PLATE OF CARVER PRESS 
Figure 1. Cross-section diagram (actual size) of pellet press for 
mounting a CaCOg chip for X-ray diffraction analysis. 
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Miscellaneous 
The X-ray analysis of samples was conducted with a General Electric 
XRD6 X-ray diffraction unit. A copper tube and nickel filter were used. 
The binocular microscope used in this investigation had a maximum 
magnifying power of 60 (X20 eyepiece and X3 objective) and was made by the 
American Optical Company, Buffalo, New York. The polarizing microscope 
was a Polarstar Series 2300 having a maximum magnifying power of approxi­
mately 970 (XIO eyepiece and X97 objective). This microscope also was 
manufactured by the American Optical Company, Buffalo, New York. 
Methods 
Adjustment of soil properties 
Quantities of Norfolk loamy sand, Lloyd clay loam, and Webster silty 
clay loam were adjusted to different pH values with calcium oxide (CaO) on 
the basis of preliminary trials as follows. Enough CaO was added to 20g. 
of soil to theoretically neutralize 25, 50, 100, 150, 200, and 300% of 
the exchange acidity (Peech, 1965a)of the soil. pH determinations were 
made on the samples after they had incubated for 2 to 4 weeks at a water 
content of approximately 1.5 times that at field capacity. From a plot of 
pH versus amount of CaO added, the amount of CaO needed to adjust the pH 
of bulk samples of soil to a given value was calculated. 
The amount of CaO required for the bulk samples was mixed with approxi­
mately 500 g. of the soil to be treated. This mixture was then sprinkled 
over the surface of the bulk soil (4000 to 6000 g.) which had been spread 
on a flexible plastic sheet to a depth of approximately 3 cm. The soil 
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was mixed on. the plastic and then put through a sample splitter ten times 
to ensure complete mixing. Each bulk sample o£ soil was placed in a 
polyethylene bag, and enough deionized water was added to give the soil 
a water content of 1.5 times that at field capacity. The bags were sealed 
and placed in the dark in a constant temperature room at 25°C. After 4 
weeks, a small sample was taken from each bag for a pH determination. Some 
of the pH values were different from the predicted values. The develop­
ment of somewhat anaerobic conditions during the incubation appeared to 
be responsible for these discrepancies. In some treatments, however, it 
was obvious that the amount of CaO required had been underestimated. 
The problems were alleviated in the following way. Incubation was 
ceased and each soil sample was slowly air-dried. Additional CaO was 
added in the manner described previously to those soil samples requiring 
it. To prevent development of anaerobic conditions, the soil samples were 
incubated at 25°C. in quantities of approximately 500 g. at a water content 
varying from 1.3 to 1.4 times that at field capacity. The pH values ob­
tained on the samples after 4 weeks were very close to the predicted 
values, and so the incubation was ceased. The soils were air-dried, 
crushed to pass a 2 mm. sieve, thoroughly mixed, and stored in thick 
polyethylene bags until used. 
To investigate the effect of CaCOg, three calcareous soils were pre­
pared by addition of CaCOj to the Norfolk loamy sand, Lloyd clay loam, and 
Webster silty clay loam. Ten grams of CaCO^  per 100 g. of oven-dry soil 
were added to (and incubated with) those soil samples which had been 
selected for treatment with the highest amount of CaO in the procedure 
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described previously. It was estimated that sufficient CaO had been, added 
in these treatments to allow the formation of a very small amount of CaCOg 
(<0.507o) after neutralization of the soil acidity. The pH of a nonsodic 
soil in equilibrium with CaCOg is constant at a given, partial pressure of 
carbon dioxide (CO2). Hence, it was assumed that the addition of the 
large amount of CaCO^  should not significantly alter the pH. The pH values 
of the adjusted soils shown in Table 3 attest to the validity of this as­
sumption. 
The maximum pH obtainable in nonsodic soils in equilibrium with CaCOg 
at the partial pressure of CO2 in the atmosphere is generally less than 8.5 
(Russell, 1961). To obtain soil samples with somewhat higher pH values, 
sodium carbonate (NagCO^ ) was added to the Norfolk loamy sand and Webster 
silty clay loam in the manner described previously for the CaO additions. 
The two Harpster soils were chosen because they had similar properties 
with the exception of the CaCOg equivalent (.2,99% versus 21.71%). It was 
anticipated that the two soils would be useful for determining the effect 
of CaCOg in this investigation. The Harpster silty clay loam I had been 
fertilized with KCl, and it was considered desirable to leach the sample 
with water to remove any excess salt. A preliminary experiment in which 
100 g. of both the Harpster soils were leached with deionized water showed 
that the pH of the Harpster I soil in 0.01 M CaCl2 rose from 7.23 to 7.52 
and that the pH of the Harpster II soil rose from 7.40 to 7.52. As it was 
a distinct advantage to have the two soils with nearly identical pH values, 
bulk lots of both soils were leached with deionized water until their pH 
values approached the equilibrium value of 7.5. The soils were leached in 
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the following way. Approximately 2500 g. of air-dry soil was placed in a 
•double-walled ceramic pot similar to that described previously by Richards 
(1941). The inner wall was porous, and the construction of the pot was 
such that a vacuum could be applied to the space between the walls. Ap­
proximately 28 liters of deionized water was allowed to pass through the 
soil under vacuum at a constant rate of 10 ml. per minute. A 2 cm. head 
of water was maintained on top of the soil during the leaching process. 
After the leaching was completed, the soil was air-dried, crushed to pass 
a 2 mm. sieve, mixed, and stored in polyethylene bags until required. 
Preparation of GaCO^ -coated plastic strips 
A sheet of Plexiglas 0.15 cm. thick was cut into pieces 6 cm. long 
and 2.5 cm. wide. (The dimensions of the strip were dictated by the size 
of the sample holder in the X-ray diffraction unit.) A thin layer of the 
Plexiglas on one side of the strip was dissolved by brushing on a small 
amount of ethylene dichloride. After the surface had become tacky, a 
large excess of reagent grade CaCO^  was added and pressed onto the strip 
with a spatula. When the Plexiglas had solidified (about 12 hours), the 
strip was turned over, and the process was repeated on the other side. 
After the strip was thoroughly dry, the excess CaCOg was brushed off, and 
both sides of the strip were gently smoothed with very fine carbonundum 
paper. A soft camel-hair brush was then used to brush away any loose 
CaCO^ . The strips were examined by X-ray diffraction, and the resulting 
pattern showed only the peaks for CaCOy 
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Preparation. o£ CaCOs chips 
With the aid of a hacksaw and very fine carborundum paper, chips 1.5 
cm. long, 1.0 cm. wide, and 0.4 cm. thick were fashioned from large massive 
fragments of chalk. X-ray analysis of the chips produced a diffraction 
pattern exhibiting only the peaks for GaCOg. 
Preparation of soil columns for incubation 
Filling of the columns with soil A standard filling technique was 
employed for all soils. Each column, as described previously, was filled 
in an inverted position with the base plate absent. A circular piece of 
40-mesh stainless steel gauze 3.7 cm. in diameter was placed in the Plexi­
glas cylinder on the end piece with the central hole. A disc of glass-
fiber filter paper 3.7 cm. in diameter was placed on the gauze. A prede­
termined weight of air-dry soil was transferred to the column through a 
funnel with a long stem. To limit segregation of the soil, the lower end 
of the funnel stem was kept just above the surface of the soil in the column. 
The soil was packed by dropping the column ten times on a wood table 
top from a height of 2.5 cm. Any soil that would not go into the column 
prior to packing was added during the packing process. Preliminary experi­
ments had shown that each soil packed quickly to a "natural" bulk density 
and that this value increased only slightly as more drastic packing pro­
cedures were adopted. 
The bulk density value of a given soil in columns containing inclusions 
such as glass-fiber paper strips, CaCOg-coated strips, or CaCOg chips was 
kept the same as the value for the soil in columns without these inclusions. 
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Table 4 lists the bulk density values employed for the various soils. It 
can be seen that the bulk density values of the soils to which CaCO^ was 
added are slightly higher than the values for the untreated soils. This 
effect is probably due in part to the filling of some of the larger pores 
of the soil by the small crystals of CaCOg. The bulk density values of 
soils to which Na CO, had been added were slightly lower than those of the 
2 J 
untreated soils, perhaps because of the effect of the sodium ion on the 
dispersion of the soil colloids.. 
Table 4. Bulk density values of soils in Plexiglas columns 
Soil Bulk density 
Soil pH treatment g. per cm^  
Norfolk loamy sand 6.41 CaO 1.70 
6.87 CaO 1.70 
7.91 CaO 1.70 
7.91 CaO+CaCOg 1.75 
8.70 Na2C02 1.68 
Lloyd clay loam 6.21 CaO 1.09 
6.81 CaO 1.09 
7.49 CaO 1.09 
7.51 CaO+CaCO] 1.14 
Webster silty clay loam 6.53 CaO 1.10 
7.04 CaO 1.10 
7.71 CaO 1.10 
7.75 CaO+CaCOs 1.12 
8.81 Na2C02 1.07 
Harpster silty clay loam I 7.51 - 1.05 
Harpster silty clay loam II 7.52 - 1.02 
Darling Downs clay 7.80 - 0.95 
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Addition of glass-fiber paper strips One of the techniques con­
ceived for the isolation and identification of phosphate reaction products 
formed at different distances from a fertilizer source involved the posi­
tioning of a strip of glass-fiber filter paper 9.7 cm. long and 2.2 cm. 
wide in the soil columns perpendicular to the fertilizer band. It was 
anticipated that, as the fertilizer moved into the soil, precipitation of 
phosphate would occur in the interstices of the filter paper as well as in 
the pores of the soil. The strip could then be removed from the soil and 
X-rayed with little soil contamination to mask the properties of the pre­
cipitated phosphate. 
The soil columns containing the glass-fiber paper strips were filled 
in the same manner as described in the preceding section. Before the soil 
was added, however, the strip was inserted into the column so that the 
short axis of the strip was in the same plane as the two vertical seams 
of the column. The strip was held in position by a specially constructed 
wire holder which was slowly raised as the column was filled. 
Addition of CaCOg-coated plastic strips As a possible aid in 
identifying the crystalline phosphates produced in calcareous soils, a 
flat strip of CaCOg-coated Plexiglas was positioned in the soil column in 
a manner similar to that described in the preceding section for the strip 
of filter paper. It was supposed that precipitation of phosphate would 
occur on the CaCOg attached to the strip of Plexiglas as well as on the 
soil CaCOg. After removal from the soil, the CaCOg-coated strip of 
Plexiglas could be examined directly by X-ray diffraction with relatively 
little interference from soil. 
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Addition of CaCOg chips In some calcareous soils, CaCOg occurs 
as relatively large pieces. Although these pieces can be isolated from 
soil, it is not easy to identify the surface coating of phosphate by the 
use of X-ray diffraction because of the generally irregular nature of the 
CaCOg surface. To circumvent this difficulty, small, flat, rectangular-
shaped chips of CaCOg, fashioned from chalk fragments as described pre­
viously, were placed in columns of calcareous soil at various distances 
from the fertilizer band. Three such chips were arranged in an echelon 
in each soil column, with their ends overlapping slightly and with their 
large plane surface perpendicular to the end of the column. The chips 
had the advantage that they could be mounted in a specially constructed 
holder which permitted their plane surfaces to be X-rayed. 
Addition of water The water contents of the soils at field capacity 
and at a matric suction of 0.3 bar are shown in Table 2. The Norfolk loamy 
sand felt dry at 0.3 bar and contained only 3.5% water. The water content 
of the soil at field capacity was significantly higher (11.9%). The dif­
ference between the water contents determined by the two methods for the 
other soils was not nearly as marked. In the light of these observations, 
it was decided to wet all the soils to field capacity. The volume of water 
added to each column included an allowance, where relevant, for the water 
held by a glass-fiber paper strip, a CaCOg-coated plastic strip, or three 
CaC03 chips. 
The following method was used to add water to the soil columns. One 
end of a 50 cm. length of Tygon plastic tubing (0.63 cm. internal diameter) 
was attached to the tip of a 50 ml. clamped burette, and the other end was 
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attached to a 5 cm. piece of glass tubing. A hole was drilled in a No. 6 
neoprene rubber stopper to accommodate one end of the glass tubing, and 
the tubing was inserted to the depth of the stopper. After the burette 
and tubing had been filled with deionized water, the rubber stopper was 
inserted into the central hole in the Plexiglas sheet at the bottom of 
the soil column. The burette was raised or lowered to provide a head of 
10 to 20 cm. of water above the bottom of the soil column. After the pre­
determined volume of water had been slowly run into the soil from the 
burette, the tubing was clamped and the column was allowed to stand for 30 
to 45 minutes. During this time the soil wetted up to within a few centi­
meters of the upper surface, and those soils which exhibited swelling 
tendencies had expanded to leave the predetermined 0.2 cm. space at the 
open end of the column for fertilizer addition. 
During the addition of water to the Webster silty clay loam which had 
been adjusted to pH 8.81 with Na2C03, the soil swelled to such an extent 
that it became impervious to water. Various other methods of wetting the 
soil to a given water content also failed and so this soil treatment was 
discarded. 
Addition of fertilizer The quantity of phosphate salt to supply 
0.5142 g. of phosphorus was sieved onto the soil through a 20-mesh sieve 
2.8 cm. in diameter. A spatula was used to spread the phosphate fertilizer 
evenly over the surface of the soil, and the fertilizer was gently pressed 
down flush with the top of the column by the use of a flat sheet of Plexi­
glas. 
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The quantity of fertilizer salts used was enough to produce ex­
tensive precipitation'zones containing relatively large quantities of re­
action products for isolation and identification. At the same time, the 
extremes of concentration of added phosphate contacting the soil, i.e., 
zero and a saturated solution of the fertilizer salt, would be the same 
as those encountered whenever the salt in question is added as a solid. 
The fertilizer salts were added in quantities to supply 0.0536 g. 
of phosphorus per square centimeter of soil. The thickness of the layer 
of salt was about 2 mm., which is of the same order of magnitude as the 
thickness of bands of fertilizer often applied for row crops. A direct 
comparison of the applications made in the laboratory with those made per 
unit of land area in. the field cannot be made because of differences in 
geometric factors affecting movement of phosphorus from the fertilizer into 
the soil. 
Sealing of the columns and incubation After the fertilizer had 
been added, the solid Plexiglas sheet was sealed to the ends of the Plexi­
glas column by silicone rubber. After the silicone rubber had cured for 
10 minutes, each column was inverted so that the fertilizer was now at the 
base. A square of polyethylene film 3.3 cm. by 3.3 cm. was placed over 
the hole in the top plate of each column and secured with four 5 cm. 
strips of transparent adhesive cellulose tape 1.27 cm. in width. 
In this investigation, it was considered desirable to keep the soil 
water content constant during incubation so that other soil factors could 
be investigated. The main purpose of the polyethylene seal was to restrict 
water vapor movement out of the soil columns and yet to prevent the de-
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velopment of anaerobic conditions by allowing the inward diffusion of 
oxygen and the outward diffusion of carbon dioxide. Many films were con­
sidered for this purpose, but the one selected appeared to have the best 
combination of desirable properties. 
After being sealed, each column was transferred to a cabinet in a 
constant temperature room at 25°G. or to an incubator at 35°C. To slow 
down the rate of water vapor loss through the polyethylene seals, moist 
air was passed over the columns throughout the incubation period. The 
continuous passage of air through the incubation containers also ensured 
that the oxygen and carbon dioxide levels around the soil columns remained 
unchanged. Incubation times of 4, 16, and 48 weeks were employed. 
Examination of soil columns after incubation 
Opening of column • After being incubated for the designated period, 
each column was opened for examination. The end plates were removed by 
cutting the rubber seals with a razor blade. The circular pieces of 
stainless steel gauze and glass-fiber paper were also removed from the top 
of the column. 
At the base of soil columns to which Ca(H2P0i|.)2*H20 had been added, 
a residue of phosphate remained, and this was carefully reiaoved for future 
analysis. In most soils to which Ca(H2P0^ )2*H20 had been added, a crust of 
phosphate 1.5 to 2.0 mm. thick had formed in the soil adjacent to the fer­
tilizer. This crust was also carefully removed for future examination. 
In the NHij^ H2P04 and (NHi|.)2HP0i^  treatments no fertilizer residue remained, 
but often a thin layer of precipitated phosphate was observed in the first 
few millimeters soil adjacent to the original fertilizer. Thus it was 
decided to remove, for future analysis, the first 2 millimeters of soil. 
Each column was then split into two identical halves. This was 
achieved by first cutting the two longitudinal silicone rubber seals with 
a razor blade. The soil core was then cut in halves with a sharpened 
spatula, care being taken not to damage any inclusions present. Any in­
clusions such as glass-fiber paper strips, GaCO^ -coated plastic slides, or 
CaCOg chips present in the column were isolated, air-dried, brushed lightly 
to remove excess soil, and placed in stoppered vials for future examination. 
Determination of the fertilizer-phosphorus distribution The dis­
tance moved by the fertilizer phosphorus was determined by the use of a 
modification of the rapid, nondestructible method described by Sample and 
Taylor (1964). A strip of Whatman 40 filter paper 2.5 cm. wide and ap­
proximately 13 cm. long was impregnated with a solution of ammonium molyb-
date in hydrochloric acid [0.0024 M (NH/j,)5Mo702Zj.*4H20 in 0.7 M HCl]. The 
excess solution was removed by blotting the strip on a large piece of 
filter paper. The strip was then placed on the surface of one half of a 
soil column, the surface having been smoothed off previously with a spatula. 
A flat spatula was gently run across the surface of the filter paper to 
ensure good contact with the soil. After approximately 30 seconds the 
paper was removed and sprayed with a stannous chloride solution (0.05 M 
SnCl2*2H20 in 0.02 N HCl) to develop the blue color. (Sample and Taylor 
used a solution consisting of 0.0019 M SnCl2*2H20 in 0.013N HCl to develop 
the color, but the solution used here produced a more stable color with the 
soils used in this investigation.) The distance moved by the fertilizer 
phosphorus was indicated on the strip of filter paper by the length of the 
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dark blue band. Three separate determinations of the phosphorus movement 
in each column were made. The length of the blue section on each of the 
three filter paper strips was measured, and the average value was taken 
as the distance moved by the fertilizer phosphorus. 
Microscopic examination of soil columns After the phosphorus dis­
tribution had been determined on one half of each soil column, a layer of 
soil 2 to 3 mm. thick was removed from the surface contacted by the molyb-
date-impregnated filter paper. This freshly exposed longitudinal section 
of each column was then examined under a binocular microscope, and the 
distribution of any crystalline reaction products was recorded. 
pH determinations on soil segments One half of each soil column 
was cut crosswise into 1 cm. segments. The segments were placed in pre-
weighed 50 ml. beakers and air-dried by placing the samples in a forced 
draft oven at 30°C. for 24 hours. The beakers were then weighed, and the 
weight of air-dry soil in each beaker was calculated. Enough 0.01 M 
CaCl2 was added to each sample to keep a constant ratio of 1 g. of soil 
to 2 ml. of CaCl2. The pH value of each sample was then determined by the 
method of Peech (1965b)using a Beckman Model G pH meter with a glass elec­
trode and saturated calomel reference electrode. 
Examination of soil segments The remaining one half of each soil 
column was cut crosswise into 1 cm. segments for microscopic, pétrographie, 
• and X-ray analyses. Each segment was placed on a watch glass and examined 
under a binocular microscope. Crystalline reaction products were isolated 
from the soil for pétrographie analysis with a pair of extra-fine pointed 
stainless steel forceps or with a mounted needle. 
The crystals of the reaction products were placed in a drop of re­
fractive index liquid on a glass microscope slide, a glass coverslip was 
placed over the liquid, and the sample was examined under the pétrographie 
microscope. The average refractive index of the crystals was determined 
by trial and error with a range of refractive index liquids using the Becke 
line method (Bloss, 1961). The average refractive index value of the 
crystals, together with the additional properties of morphology and bi-
refrigence, generally allowed a positive identification of the phosphate 
to be made. The optical data on pure phosphates listed by Lehr et al. 
(1957) were used in the identification process. 
In some instances, enough crystals of phosphate were probed from the 
soil to permit X-ray diffraction analysis. The crystals were ground in 
an agate mortar, and the powder was smeared onto a piece of cellophane 
tape with adhesive on both sides. The tape had been previously mounted 
on a glass microscope slide. The slide was placed in the holder of the 
X-ray diffraction unit and scanned with copper KoC radiation using a 
nickel filter, 1° beam slit, medium resolution soller slit, and 0.2° de­
tector slit. Various settings of the time-constant and counts-per-second 
controls were used, depending on the nature of the sample. The X-ray 
diffraction data obtained on the sample were compared with the data for 
pure phosphates listed by Lehr et al. (1967). 
Samples of the soil segments were also X-rayed. These samples were 
mounted for analysis by pressing the soil into brass washers (2.54 cm. 
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2 internal diameter) using a Carver press and a pressure of 1680 kg. per cm. 
Examination of glass-fiber paper strips The glass-fiber paper 
strips were examined under a binocular microscope, and the presence and 
distribution of any crystalline phosphate species were noted. In some in­
stances the optical properties of crystals probed from the strips were de­
termined with the pétrographie microscope. After microscopic examination, 
each strip was cut into two sections, each section being stuck to a 
separate glass microscope slide with the aid of cellophane tape with ad­
hesive on both sides. The strip sections were then X-rayed at 0.5 cm. 
•intervals along their entire length. (The strips were analyzed in two 
pieces because they would not fit into the sample holder of the X-ray dif­
fraction unit in one piece.) 
Examination of CaCOg-coated plastic strips The strips were 
examined under a binocular microscope, and the presence and distribution of 
any surface precipitates were noted. In many instances, crystals were 
probed from the surface of the CaCOg, and their optical properties were 
determined under the pétrographie microscope. X-ray diffraction analysis 
of each slide was made at 0.5 cm. intervals along its length. 
Examination of CaCOg chips Each chip was examined under the bi­
nocular microscope, and the optical properties of crystals probed from the 
surface were determined under the pétrographie microscope. The chips were 
prepared for X-ray analysis as follows. A chip was placed inside a copper 
ring on a steel base plate. Cornstarch was poured around and on the chip, 
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and, with the aid of the apparatus described previously, a pellet was 
formed by applying a pressure of 1680 kg. per cm.^  The pellet containing 
the CaCOg chip, together with the surrounding copper ring, was transferred 
to the sample holder of the X-ray diffraction unit. The pellet was posi­
tioned so that the exposed plane surface of the chip was flush with the 
front of the sample holder. The exposed surface of the chip was then X-
rayed. 
Soil physical and chemical analyses 
The water content of the soils at field capacity was determined by 
the method of Kirkham and Powers (1965). A pressure membrane apparatus 
was used to determine the water content of the soils at a matric suction 
of 0.3 bar in the manner described by Richards (1965). Particle-size 
analysis was conducted by the pipette method using the particle-size di­
visions of Wentworth (1935). 
Carbonate (reported as CaCOg equivalent) was determined by the vacuum-
distillation and titration method (Allison and Moodie, 1965). Organic car­
bon analysis was performed by the wet oxidation method of Mebius (1960). 
The barium chloride-triethanolamine method described by Peech (1965a) was 
used for the determination of exchange acidity. The cation exchange 
capacity of the soils was determined by sodium saturation as described by 
Chapman (1965). Exchangeable calcium and magnesium were determined by 
extracting the cations with 1 N sodium acetate (pH 8.2) and determining 
the calcium and magnesium in the extract by using a Perkin-Elmer Model 303 
atomic absorption spectrophotometer as described by the Perkin-Elmer 
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Staff (1966). 
All soil analyses reported are on an oven-dry basis unless otherwise 
stated. The water content was determined from the loss in weight of a 
soil sample after drying at 110°G. for 18 to 24 hours. 
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RESULTS AND DISCUSSION 
Distance Moved by Fertilizer Phosphorus 
The distribution o£ reaction products in a soil in contact with 
water-soluble phosphate fertilizers will depend, in part, on the distance 
the fertilizer phosphorus moves into the soil. Table 5 shows the distance 
to which the fertilizer phosphorus moved in soils in contact with 
Ga(H2P0i^ )2*H20, and (NHi|,)2HP0i^  for 4, 16, and 48 weeks. It was 
intended that the phosphorus added would be insufficient to diffuse the 
complete length of the column. In some treatments, however, particularly 
those involving Norfolk loamy sand, the fertilizer phosphorus did move the 
entire length of the soil column (9.7 cm.). 
It can be seen from Table 5 that the distance moved by phosphorus in 
a given time was greatest with (NH^ ,)2HP0^ ,, intermediate with NH/^ H2^ (^ 4) 
and least with Ca(H2P0ij.)2*H20. This order held true for all soil types, 
pH values, and times of contact. The difference in the distance of phos­
phorus movement among fertilizers is related to the properties of the 
fertilizers. The pH values of the saturated solutions of Ca(H2P0^ )2*H20, 
NH^ H2P04, and (NH^ )2HP02^  are 1.48, 3.47, and 7.98, respectively (Lindsay 
et al., 1962). The most acid solution would be expected to react the most 
rapidly with soil constituents, resulting in a relatively fast precipitation 
of phosphate compounds and a smaller distance of movement by the fertilizer 
phosphorus. In addition to the fact that Ca(H2P0^ )2*H.20 produces the most 
acid solution, approximately one-fifth of the phosphorus in the salt is 
left as a residue of dicalcium phosphates at the site of dissolution. All 
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Table 5. Distance of movement of phosphorus from monobasic calcium 
phosphate monohydrate, monobasic ammonium phosphate, and 
dibasic ammonium phosphate into different soils in 4, 15, 
and 48 weeks 
Original Calcium Fertilizer Distance of phosphorus movement, cmi 
pH of carbonate added 4 16 48 
soil equivalent weeks weeks weeks 
in soil,% 
Norfolk loamy sand (25°C.)b 
6.41 0 MCP^  8.9 9.7 9.7 
MAP^  9.7 9.7 9.7 
DAP® 9.7 9.7 9.7 
6.87 0 MCP , 8.8 9.7 9.7 
MAP 9.7 9.7 9.7 
DAP 9.7 9.7 9.7 
7.91 0 MCP 7.3 9.7 9.7 
MAP 9.7 9.7 9.7 
DAP 9.7 9.7 9.7 
7.91 9.1 MCP 3.7 2.4 4.2 
MAP 7.1 9.7 9.7 
DAP 9.7 9.7 9.7 
8.70 0 MCP 9.7 9.7 9.7 
MAP 9.7 9.7 9,7 
DAP 9.7 9.7 9.7 
Lloyd clay loam (25°C.) 
6.21 0 MCP 4.5 5.5 7.0 
MAP 5.7 9.7 9.7 
DAP 6.5 9.7 9.7 
6.81 q MCP 4.6 6.0 6.7 
, MAP 5.8 9.7 9.7 
DAP 6.6 9-7 9.7 
7.49 0 MCP 3.8 5.2 5.4 
MAP 4.9 9.7 9.7 
DAP 6.5 9.7 9.7 
7.51 9.1 MCP 2.0 2.5 3.4 
MAP 4.7 5.7 6.3 
DAP 5.4 7.4 9.7 
E^qual amounts of phosphorus were added to all soils in all fertilizers. 
T^emperature of incubation. 
cCaCH2P04)2-H20 . 
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Table 5. (Continued) 
Original Galcium Fertilizer Distance of phosphorus movement, cm.s 
pH of carbonate added 4 • 16 48 
soil equivalent weeks weeks weeks 
in soil,% 
Webster silty clay loam (25°C.) 
6.53 0 MCP 4.4 6.2 7.7 
MAP' 5.7 8.0 9.7 
DAP 5.9 8.5 9.7 
7.04 0 MCP 4.2 5.7 6.5 
MAP 5.4 8.1 9.7 
DAP 5.5 8.1 9.7 
7.71 0 MCP 3.2 4.6 5.1 
MAP 4.6 6.7 9.7 
DAP 4.7 7.0 9.7 
7.75 9.1 MCP 2.4 3.1 3.7 
MAP 3.9 5.1 _f 
DAP 4.4 6.0 _f 
Webster s ilty clay loam (35°C.) 
6.53 0 • MCP 4.6 6.0 5.2 
MAP 5.8 8,1 8.0 
DAP 6.3 7.5 9.7 
7.04 0 MCP 4.3 5,4 6.0 
MAP 5.5 8.0 9.7 
DAP 5.9 7.4 9.7 
7.71 0 MCP 3.7 4.5 4,2 
MAP 4.7 7.9 9.7 
DAP 5.0 6.0 9.7 
7,75 9.1 MCP 2,5 2.7 3.3 
MAP 4.2 4.3 _f 
DAP 5.0 6.5 _f 
Harpster silty clay loam I (250c,) 
7.51 3.0 MCP 2.9 4.9 _f 
MAP 4.7 5.6 
DAP 5.0 5,7 _f 
Harpster silty clay loam II (25°C.) 
7.52 21.7 MCP 1.7 2.2 2.6 
MAP 3,5 3,6 _f 
DAP 5.1 5.3 _f 
Darling Downs clay (25°C.) 
7.80 4.0 MCP 3.2 4.1 4.5 
MAP 4.3 4,7 -f 
DAP 4.4 5,2 _f 
B^oundary indistinct; the distance of movement could not be deter­
mined precisely. 
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of the phosphorus of NH^ H2P0ij, and (NH/j)2HP0^  is available for movement 
into the soil because these salts do not -.lesive a phosphate residue at the 
site of dissolution. 
In almost all instances in which the fertilizer did not move the full 
length of the column in the first 4 weeks, further movement took place 
with time. The distance of movement between 4 and 48 weeks usually did 
not exceed the distance of movement in the first 4 weeks. 
There was an inverse relationship between the distance moved by the 
phosphorus and the amount of reactive material in a soil in the form of 
exchangeable bases and carbonate. Comparison of the results obtained with 
the noncalcareous samples of Norfolk loamy sand, Lloyd clay loam, and 
Webster silty clay loam shows that the phosphorus movement from a given 
fertilizer at a given pH and time interval was greatest with the Norfolk 
soil and smallest with the Webster soil, the Lloyd soil being intermediate. 
The cation exchange capacities and contents of exchangeable calcium were 
in the reverse order, Norfolk < Lloyd < Webster. The effect of carbonate 
content on the phosphorus movement may be seen in a comparison of the two 
Harpster silty clay loams which have approximately similar cation exchange 
capacities. The phosphorus movement from a given fertilizer during each 
time interval was smaller in the Harpster silty clay loam II containing 
21.7% CaCOg equivalent than in the Harpster silty clay loam I containing 
3.0% CaCOg equivalent. 
In each soil investigated after adjustment to different pH values with 
CaO, the movement of phosphorus decreased with increasing pH, presumably 
as a result of the increase in exchangeable calcium. The sample of Norfolk 
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loamy sand adjusted to pH 8.70 with. NagCOg, however, had the lowest ex­
changeable calcium content of all samples of this soil, and hence the 
phosphorus movement was extensive. 
The effect of temperature may be observed by comparing results ob­
tained with samples of Webster silty clay loam incubated at 25°C. and 
35°C. After 4 weeks, the phosphorus movement was greater at 35°C. than 
at 25°G. This behavior might be explained on the basis that the rate of 
diffusion of solutes in water increases with increasing temperature. At 
the end of 16 and 48 weeks, however, the distance of movement of the phos-
o o 
phorus was greater at 25 C. than at 35 C. Perhaps this reversal with time 
was a consequence of a greater rate of reaction of the fertilizer phos­
phorus with the soil at the higher temperature. 
Crystalline Reaction Products Formed in Soils in Contact 
with Phosphate Fertilizers 
The crystalline reaction products were identified by pétrographie and 
X-ray analysis of crystals isolated directly from the soil and by analysis 
of crystals precipitated on such inclusions as glass-fiber paper strips, 
CaCOg-coated strips, and CaCOg chips. The results obtained using the more 
direct method will be discussed first. These findings will then be compared 
with those obtained by the analysis of the various inclusions. 
Reaction of monobasic calcium phosphate monohydrate with soils 
Analysis of residues Observation of the soil columns indicated 
that the incongruent dissolution of Ca(H2P0^ )2'H20 had been completed in 
all soils in less than 2 weeks. The nature of the phosphate residues re­
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maining after the dissolution of Ca(H2P0ii.)2'H20 is shown in Table 6. 
In all soils incubated at 25°C., the dominant phosphate residue identified 
after 4 and 15 weeks was CaHP0ij,'2H20. The other phosphate phase, CaHPO^ j 
occurred in trace to minor amounts. By the end of 48 weeks, substantial 
transformation of CaHPO^ ,*2H20 to CaHPO^  had occurred in Norfolk loamy sand, 
Lloyd clay loam, and Webster silty clay loam, but only slight transforma­
tion had occurred in the Darling Downs clay and Harpster silty clay loams. 
The transformation of CaHPO^ 'ZH^ O to the anhydrous salt increases 
with increasing concentration of phosphate in the surrounding solution 
(Brown, 1964). The concentration of phosphorus in the solution contacting 
the dicalcium phosphate residues would be lower in those soils which react 
rapidly with phosphorus. Such soils would include those containing car­
bonate or having a high content of exchangeable calcium. These facts might 
explain the results observed with the Harpster silty clay loams and Darling 
Downs clay. These soils contain carbonate as well as having a high content 
of exchangeable calcium. In Webster silty clay loam (25°C.), the ratio of 
CaHPOi^ *^2H20 to CaHPO^  at 48 weeks increased with increasing pH (and hence 
increasing exchangeable calcium) and was greatest in the soil containing 
CaCOg. Norfolk loamy sand and Lloyd clay loam had much smaller cation ex­
change capacities and hence smaller amounts of exchangeable calcium than 
the other soils, and this was reflected in the low ratio of CaHPOxj,*2H2O to 
CaHPO^  observed after 48 weeks. The effect of CaCOg in restricting this 
transformation is obvious in the Norfolk loamy sand. 
When Webster silty clay loam was incubated at 35°C., the phosphate 
residues were essentially all CaHPO^ , even after 4 weeks. This effect of 
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Table 6. Nature of phosphate residues at the site of placement of mono­
basic calcium phosphate monohydrate 4, 15, and 48 weeks after 
addition of the salt to different soils 
Soil pH Soil Phosphate compound identified 
before treat­ Species Relative amounts^  
incuba­ ment 4 16 48 
tion weeks weeks weeks 
Lloyd clay loam (25°C.)^  
6.21 — - CaHPO/j." ZHpO *** *** * 
CaHPOz; * * *** 
6.81 
- -
CaHPO^ 'ZHgO •kick *** * 
CaHPO^ . * * *** 
7.49 
-- CaHP04'2H2O *** *** * 
CaHPOit. * * *** 
7.51 CâCO^  CaHPO^ 'ZHgO *** *** * 
CaHPO^  T * *** 
Norfolk loamy sand (25°C.) 
6.41 — — CaHPO^ 'ZKgO *** *** * 
CaHPO^  * * *** 
6.87 —— CaHP0i^ '2H20 *** *** T 
CaHPO^  * * *** 
7.91 
- - CaHP04-2H20 *** *** T 
CaHPO^  * * *** 
7.91 CaCOg CaHP04-2H20 *** *** ** 
CaHPO^  * * ** 
8.70 — CaHPO^ .ZHjO *** *** * 
CaHPOit * * *** 
Webster silty clay loam (25°C.) 
6.53 ——. CaHPO^ "2H2O *** *** * 
CaHP04 Y * *** 
7.04 — CaHPO^ 'ZH^ O *** *** ** 
CaHP04 * * ** 
7.71 — —  CaHP04'2H20 *** *** ** 
CaHPO^  * * ** 
7.75 -- CaHP04*2H20 *** *** *** 
CaHP04 * * * 
*^** = major phase, ** = similar amounts of both phases, * = minor 
phase, T = trace, and 0 = none detected. 
T^emperature of incubation. 
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Table 6. (Continued) 
Soil pH Soil Phosphate compound identified 
before treat- Species Relative amounts^  
incuba- ment  ^ [g ÏJ^  
weeks weeks weeks 
Webster silty clay loam (35°G.) 
6.53 CaHPO/t'ZHgO T T 0 
CaHPO^  *** *** *** 
7.04 CaHPO^ *2H20 T 0 0 
CaHPO^  *** *** *** 
7.71 CaHPO^ 'ZHgO T 0 0 
CaHPO^  *** *** *** 
7.75 CaC03 CaHPOi^ *2H20 • T T * 
CaHP04 *** *** *** 
Harpster silty clay loam I (25°C.) 
7.51 CaHPOi^ * 2H2O *** •kick *** 
CaHPO^  T * * 
Harpster silty clay loam II (25°C.) 
7.52 CaHPO^ ' 2H2O *** *** *** 
CaHPO^  T * •k 
Darling Downs clay (25°C. . )  
7.80 CaHPOi^ *2H20 *** *** irk-k 
CaHPO^  T * •k 
elevated temperatures on the formation of CaHPO^  is well known (Lehr et 
al., 1959). 
Reaction products identified in soils The crystalline reaction 
products produced by the interaction of Ca(112^ 0^ )2*1120 with Norfolk loamy 
sand after 4, 16, and 48 weeks are shown in Table 7. The only reaction 
products identified (by pétrographie and X-ray diffraction analysis) were 
CaHPO^ "21120 and CaHPO^ , the latter being found as trace amounts in the 2 mm. 
Table 7. Crystalline phosphates identified in fertilizer residue and soil after incubation of mono­
basic calcium phosphate monohydrate with Norfolk loamy sand for 4, 16, and 48 weeks 
Distance 
from fer­
tilizer 
source, cm. 
pH of soil 
4 16 48 
weeks weeks weeks 
Reaction products identified 
Species Relative amounts^  
4 
weeks 
16 
weeks 
48 
weeks 
0 (fertilizer 
residue) 
0-0 .2  
0-2-1.0 2.83 3.48 
1.0-2.0 3.11 3.56 
2.0-3.0 3.16 )3.62 
3.0-4.0 3.55 J 
4.0-5.0 14.63 I3.7O 
5.0-6.0 J 
6.0-7.0 )5.52 ')4.11 
7.0-8.0 J J 
8.0-9.7 6.29 4.30 
Initial soil pH 6.41 
4.08 
4.12 
4.20 
4.41 
4^.50 
4^.71 
5.24 
CaHPO^ -2H2O *** *** * 
CaHP04 * * *** 
CaHPO^ -ZHgO +++ + + + +++ 
CaHPO^  T T + 
CaHPO^ -2HpO T T T 
CaHPO^ 'ZHgO T T 0 
CaHPO^ 'ZHgO T T T 
CaHPO^ 'ZHgO T T T 
CaHPO^ 'ZHgO T T T 
CaHPO^ 'ZHgO T T T 
CaHPO^ 'ZHgO T T T 
CaHPO^ - 2H2O T T T 
CaHPOf^ *2H20 —0 -| T T'b 
F^or the fertilizer residue, *** - major phase, ** = similar amounts of both phases, * = minor 
phase, and T = trace. For the soil, ++++ = very large amount, +++ = large amount, ++ = moderate 
amount, + = small amount, T = trace, and 0 = none detected. (Here and throughout other tables.) 
L^ine denotes the distance to which fertilizer phosphorus moved in the time intervals indi­
cated. (Here and throughout other tables.) 
Table 7. (Continued) 
Distance 
from fer­
tilizer 
source, cm. 
pH of soil 
Reaction products identified 
Species Relative amounts^  
4 
weeks 
16 
weeks 
48 
weeks 
4 
weeks 
16 
weeks 
48 
weeks 
Initial soil pH 6.87 
0 (fertilizer 
residue) 
0 - 0 . 2  
0-2-1.0 
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0-5.0 
5.0-6.0 
6.0-7.0 
7.0-8.0 
8.0-9.7 
0 (fertilizer 
residue) 
0-0 .2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0-5.0 
5.0-6.0 
6.0-7.0 
7 . 0 - 8 . 0  
8.0-9.7 
2.92 
3.02 
3.21 
3.68 
4.62 
5.70 
6.42 
2.91 
3.30 
4.00 
4.40 
5.20 
6.90 
7.84 
3. 52 4. 18 
3. 60 4. 30 
3. 81 
H' 
38 
4. 04 }"• 0
0 
4. 13 }"• 52 
4. 30 4. 52 
3.69 4.90 
4.07 4.52 
}4.12 }4.59 
}4.27 j4.80 
}4.45 }4.94 
4.63 5.44 
CallPO^ " 2H2O 
CaHPO^  
CaHPO^ -2H2O 
CaHPO^  
CaHPO^ -2H2O 
CaHPO^ -2H2O 
CaHPO^ * 2H2O 
CaHPO^ ' 2H2O 
CaHPO^ -2H2O 
CaHPO^ * 2H2O 
CaHPO^ ' 2H2O 
CaHPO^ ' 2H2O 
CaHPO^ ' 2H2O 
Initial soil pH 7.91 
CaHPO. 
CaHPO^  
CaHPO^ ' 
CaHPO^  
CaHPO^ ' 
CaHPO^ ' 
CaHPO. 
CaHPO^ ' 
CaHPO^ ' 
CaHPO^ ' 
CaHPO^ ' 
CaHPO^ ' 
CaHPOi.' 
•2H2O 
2H2O 
2H2O 
2H2O 
2H„0 
2H2O 
2H„0 
2H2O 
2H2O 
2H2O 
2H2O 
*** *** T 
* * *** 
+++ +++ + ++• 
T + T 
0 T T 
T T T 
T T T 
T T T 
•T T T 
T T T 
0 T T 
0 T T 
-0 n T T 
*** *** T 
* * *** 
+++ +++ +++ 
0 T T 
0 + T 
T T T 
T T T 
T T T 
T T T 
T T T 
0 T T 
0 T T 
0 T T 
Table 7. (Continued) 
Distance 
from fer­
tilizer 
source, cm. 
pH of soil Species 
Reaction products identified 
Relative amounts® 
4 
weeks 
16, 
weeks 
48 
weeks 
4 
weeks 
16 48 
weeks weeks 
Initial soil pH 7.91 (9.1% CaCOi added) 
— —  CaHP04-2H20 *** *** ** 
CallPOif * * ** 
CaHPO^ '2H20 ++++ +-«:++ + ++ 
6.82 
CaHP04 
CaHPOy/ZHgO 
T 
+++ 
T 
+ + + 
T 
+ + + 
6.99 None 0 0 0 
7.01 II n r\ 0 
. " 1 U 
7.26 II 0 0 0 
7.39 II 0 0 Q 
7.45 II 0 0 0 
7.50 
II 
II 
0 
0 
0 
0 
0 
0 
7.63 II 0 0 0 
0 (fertilizer 
residue) 
0 - 0 . 2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0-5.0 
5.0-6.0 
6.0-7.0 
7.0-8.0 
8.0-9.7 
5.93 
6.32 
6.74 
7.34 
7.63 
7.76 
}7;8!. 
7.89 
6.42 
6.71 
7 .06  
7.25 
}7.51 
>7.69 ) 
7 . 8 6  
Initial soil pH 8.70 
0 (fertilizer — —  — —  CaHPO^ .ZHgO *** *** * 
residue) CaHPO^  * * *** 
1 1 C
N O 
o
 — —  — — '  CaHPOy/ZHgO + + + + + + +++ 
CaHPO/j T T T 
0.2 —1.0 —— 3.96 CaHPO^ '21120 0 T T 
1.0—2.0 —— 4.08 —— CaHP04'2H20 T T T 
2.0-3.0 
"V 4.18 — CaHP04 *21120 T T T 
3.0-4.0 J CaHP04-2H20 T T T 
4.0-5.0 
")• 4.66 CaHPOzi «21120 T T T 
5.0-6.0 J CaHPO^ 'ZH^ O T T T 
6.0-7.0 I I C
\
 CM m
 CaHPO^ 'ZHgO T T T 
7.0-8.0 CaHPOij.-21120 T T T 
8.0-9.7 5.62 CaHP04'2H20 T 0 0 
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of soil adjacent to the fertilizer residue. In all samples, the precipi­
tation of CaHP0^ *2H20 (as clusters of needle-shaped crystals) was most 
extensive in the 0- to 2-mm. zone. The distribution and extent of this 
phosphate were similar for each of the non-calcareous samples and reflect 
the low content of reactive calcium in the soil. The samples containing 
CaCOg reacted rapidly with the acid solution derived from the fertilizer 
and produced a dense precipitate of CaHPO^ 'ZH^ O in the first 1 cm., with 
little evidence of precipitation of the salt past this point. 
It is apparent that the precipitation of CaHPO^ -2H20 was essentially 
complete at 4 weeks because little change in amount or distribution of 
this salt was evident in examinations made at the end of 15 and 48 weeks. 
Table 8 shows the reaction products formed by the interaction of 
Ca(H2P0ij,) •H2O with Lloyd clay loam. The major product identified was 
CaHPO/^ .*21120, the amount decreasing with distance from the fertilizer source. 
The amount and distribution of CaHPO^ -ZH^ O were essentially the same at 
4, 16, and 48 weeks, indicating that the precipi .tion of the phosphate 
after 4 weeks was slight in spite of the fact that the fertilizer phos­
phorus continued to move out into the soil. The distribution of CaHP0^ '2H20 
was essentially the same for each of the noncalcareous samples. The 
presence of CaCOg at pH 7.51, however, shortened the precipitation zone and 
resulted in a more extensive precipitate of CallP0^ "2H20 from 0 to 1 cm. 
As shown in Table 9, CaHP0ij.*2H2O was the major reaction product 
identified in Webster silty clay loam incubated at 250C. and 35°C-
The precipitation of CaHP04*2H20 was greatest in the soil adjacent 
to the fertilizer source and decreased with distance from the 
source. Little precipitation of the phosphate appeared to occur after 
Table 8. Crystalline phosphates identified in fertilizer residue and soil after incubation of mono­
basic calcium phosphate monohydrate with Lloyd clay loam for 4, 16, and 48 weeks 
Distance •Reaction products identified 
from fer­ pH of soil .Species Relative amounts^  
tilizer 4 16 48 4 16 48 
source, cm. weeks weeks weeks weeks weeks weeks 
Initial soil pH 6.21 • 
0 (fertilizer M «m — — — — CaHPO^ 'ZHgO *** *** * 
residue) CaHPO^  * * *** 
0-0.2 — — CaHP04-2H20 +++» ++++ + + + + 
CaHPO^  T T T 
0.2-1.0 3.46 3.99 4.52 CaHP04'2H20 ++ ++ ++ 
1.0-2.0 3.99 4.16 4.78 CaHPO^ 'ZHgO ++ '++ ++ 
2.0-3.0 4.79 4.50 4.98 CaHPOy/ZHgO + ++ + 
3.0-4.0 5.53 4.98 5.10 CaHPOi^ -2H20 0 T T 
4.0-5.0 6.07 5.12 5.17 None 0 0 0 
5.0-6.0 6.02 5.40 5.39 It 0 0 0 
6.0-7.0 j 6.05 "I 5.64 "V5.59 
tt 
. 0 0 0 
7.0-8.0 J / :i 0 0 0 
8.0-9.7 6.09 5.71 5.80 ft 0 0 0 
Table 8. (Continued) 
Distance 
from fer­
tilizer 
source, cm. 
pH of so il Species 
Reaction products identified 
Relative amounts® 
H 
weeks 
16 
weeks 
48 
weeks 
4 
weeks 
16 
weeks 
48 
weeks 
0 (fertilizer 
residue) 
0 - 0 . 2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0r4.0 
4.0-5.0 
5.0-6.0 
6.0-7.0 
7.0-8.0 
8.0-9.7 
0 (fertilizer 
residue) 
0-0 .2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0-5.0, 
5.0-6.0 
6.0-7.0 
7.0-8.0 
8.0-9.7 
3.66 
4.04 
4.87 
6 .02  
6 . 8 1  
6.90 
^ 6.88 
6.89 
4.18 
4.37 
4.58 
5.00 
5.46 
4.50 
4.72 
5.02 
5.20 
5.64 
5.92 } 
} 6.51 } 6.40 
6.58 6.48 
Initial soil pH 6.81 
CaHPO^ 'ZHgO 
CaHPO^  
CaHP04*2H20 
CaHPO/v 
CaHP04'2H20 
CaHPO^ '2H2O 
CaHPO^ '21120 
CaHPO^ -21120 
None 
3.70 4.16 4.63 
4.32 4.37 4.90 
5.37 4.70 5.30 
7.16 5.18 5.63 
7.40 5.82 6.22 
7.52 6.93 7.22 
7.52 
7.52 
7.41 
7:47 
7.46 
]-7.49 
7.49 
Initial soil pH 7.49 
CaRP04'2H20 
CaHPO^  
CaHPO/j*2H20 
CaHPO^  
CaHP04'2H20 
CaHP04"2H20 
CallPO^ ' 2H2O 
CaHPO^ 'ZRgO 
None 
*** *** * 
* * *** 
++++ + +++ ++++ 
T T T 
+ + ++ 
+ + + + + . 
T + + + 
0 T T 
—0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
*** 
* 
+ + + + 
T 
++ 
+ 
0 
0 
0 
0 
0 
*** 
* 
++++ 
+ 
++ 
+ 
T 
_0 
0 
0 
0 
0 
* 
*** 
++++ 
T 
+ +• 
+ + 
+ 
+ 
0 
-e— 
0 
0 
0 
Table 8. (Continued) 
Distance Reaction products identified 
from fer­ pH of soil Species Relative amounts^  
tilizer 4 16 48 4 16 48 
source, cm. weeks weeks weeks weeks weeks weeks 
Initial soil pH 7.51 (9.1% CaCOg added) 
0 (fertilizer 
residue) 
0 - 0 . 2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0-5.0 
5.0-6.0 
6.0-7.0 
7 . 0 - 8 . 0  
8.0-9.7 
5.28 5.10 5.70 
6.70 5.92 6.22 
7.65 6.86 6.96 
7.62 7.41 7.50 
00 IV ) 7.58 
7.61 
) 
I 7.47 1 7.57 
7.46 7.58 
CaHPO^ 'ZKgO 
CaHPO^  
CaHPO^ 'ZHgO 
GaHPOit 
CaHPO^ 'ZHgO 
None 
*** 
T 
+ + + + 
T 
+ + + 
0 
0 
0 
0 
0 
0 
0 
0 
*** 
* 
'+ + + + 
+ 
+ + +• 
0 
-G 
0 
0 
0 
0 
0 
0 
* 
*** 
++++ 
T 
+++ 
0 
0 
-e— 
0 
0 
0 
0 
0 
Table 9. Crystalline phosphates identified in fertilizer residue and soil after incubation of mono­
basic calcium phosphate monohydrate with Webster silty clay loam for 4, 16, and 48 weeks 
Distance 
from fer­
tilizer 
source, cm. 
pH of soil Species 
Reaction products identified 
Relative amounts® 
4 
weeks 
16 
weeks 
48 
weeks 
4 
weeks 
16 . 
weeks 
48 
weeks 
0 (fertilizer 
residue) 
0-0 .2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0-5.0 
5.0-6.0 
6.0-7.0 
7.0-8.0 
8.0-9.7 
0 (fertilizer 
residue) 
0 - 0 . 2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0-5.0 
5.0-6.0 
6.0-7.0 
7.0-8.0 
8.0-9.7 
} 
} 
4.42 
5.06 
5.53 
5.90 
6.34 
6.47 
6.47 
6.47 
Initial soil pH 6.53 (25°C.)^  
— — 
— 
— — CaHPO^ 'ZHgO *** *** * 
CaHPOij T * *** 
— 
— CaHP04*2H20 ++++ ++++ + +++ 
CaHPO^  T + T 
4.05 4.39 4.73 CaHP04-2H20 ++ + + + ++ 
4.57 4.80 4.96 CaHP04'2H20 ++ + + ++ 
5.00 5.10 5.04 CaHP04-2H20 + • + + 
5.66 5.35 5.32 CaHP04'2H20 T T T 
6.11 5.67 5.62 None 0 0 0 
6.45 5.89 5.82 11 0 0 0 
-J tf 0 0 0 6.49 J-6.15 j 6.08 tt 0 0 0 
6.49 6.29 6.22 ft 0 0 0 
Initial soil pH 6.53 (35°C.) 
CaHPO/^ *2H20 
2H2O 
4.69 
5.11 
5.30 
5.40 
J5.77 
I  6 . 0 8  
6 . 2 1  
} 
4.80 
5.11 
5.21 
5.36 
5.58 
5.75 
5.91 
6.05 
CaHPO^  
CaHPO^  
CaHPO^  
CaHPO^ ' 
CaHPO^ ' 
CaHPO^ ' 
None 
2H2O 
2H2O 
2H2O 
T 
*** 
++++ 
T 
+ + + 
+ + 
+ 
0 
~Q 
0 
0 
0 
0 
T 
*** 
++++ 
+ 
+++ 
+ + 
+ 
0 
0 
0 
0 
0 
0 
0 
*** 
+ + + + 
T 
+++ 
+ + 
+ 
0 
0 
0 
0 
0 
0 
T^emperature of incubation. (Here and in following tables.) 
Table 9. (Continued) 
Distance Reaction products identified 
from fer­ pH of soil Species Relative amounts^  
tilizer 4 16 48 4 16 48 
source, cm. weeks weeks weeks weeks weeks weeks 
0 (fertilizer Initial soil pH 7.04 (25°C.) *** *** ** 
- -
— - CaHP0zi-2H20 
residue) CaHP04 * * ** 
0-0.2 —-*  — — CallPOi^ * 2H2O + + + + ++++ ++++ 
CallPO/j T + + 
0.2-1.0 4.12 4.59 ,4.70 GaHP04*2H20 ++ +++ + + + 
1.0-2.0 4.62 4.87 5.00 CaHPO^ 'ZHgO ++ ++ + + 
2.0-3.0 5.13 5.12 5.17 CaHPO^ '21120 + + + 
3.0-4.0 5.99 5.49 5.52 CaHPO^ 'ZKgO T + + 
4.0-5.0 \ 7 m 6.01 5.89 None 0 0 0 
5.0-6.0 
w. uj. 6.40 6.24 It 0 0 0 
6.0-7.0 1 7.02 }6.58 ; L 6.62 
tl 0 0 0 
7.0-8.0 J 1 0 0 0 
8.0-9.7 7.01 6.88 00
 tl 0 0 0 
Initial soil' pH 7.04 (35°C.) 
0 (fertilizer M MM — " — —  CallPO^ ' 2H2O T T 0 
residue) CaHPO^  *** *** *** 
0-0.2 — — CaHP04*2H20 + + + + ++++ ++++ 
CaHPO^  + + + 
0.2-1.0 4.58 4.69 4.95 CaHPO^ 'ZHgO + + +++ ++ 
1.0-2.0 5.09 5.04 5.20 CaHPO^ '2H2O + + ++ ++ 
2.0-3.0 5.60 5.25 5.38 CaHPO^ 'ZHgO + •f" +• 
3.0-4.0 6.40 5.58 5.67 None 0 0 0 
4.0-5.0 6.86 
"1-6.16 |-6.01 II 0 0 1 1 0 5.0-6.0 6.86 J 0 0 1 0 
6.0-7.0 j 6.82 }6.67 ; \6.W 
If 0 0 0 
7.0-8.0 1 0 0 0 
8.0-9.7 6.89 6.72 6.58 II 0 0 0 
Table 9. (Continued) 
Distance Reaction products identified 
from fer­ pH of soil Species Relative amounts^  
tilizer 4 16 48 4 16 48 
source, cm. weeks weeks weeks weeks weeks weeks 
Initial soil pH 7 .71 (25°C.) 
0 (fertilizer M M —» — CallP0.-2H20 *** *** ** 
residue) CaHPOlî * * ** 
0-0.2 CaHPO^ 'ZHgO ++++ ++++ ++++ 
CaHPO^  T + T 
0.2-1.0 4.18 4.51 4.82 CaHPO^ -21120 ++ +++ +++ 
1.0-2.0 5.00 4.94 5.12 CaHP04-2H20 ++ ++ ++ 
2.0-3.0 6.45 5.39 5.42 CaHP04'2H20 + + + 
3.0-4.0 7.70 6.21 6.05 CaHPO^ -2H2O 0 T T 
4.0-5.0 7.76 6.97 6.69 None 0 n 0 
5.0-6.0 7.77 7.37 7.30 ft 0 0 0 
6.0-7.0 )7.78 7^.50 I 7 .5I It 0 0 0 
7.0-8.0 / J J It 0 0 0 
8.0-9.7 7.72 7.63 7.62 II 0 0 0 
Initial soil pH 7 .71 (35°C.) 
0 (fertilizer — — — — CaHPO^ 'ZHgO T 0 0 
residue) CaHPO^  *** *** *** 
0-0.2 — — — — CaHPO^ * 2H2O + + + + +++ 
CaHPO^  + ++ 
0.2-1.0 4.29 4.83 5.00 CaHPO^ -2H2O ++ + + + +++ 
1.0-2.0 5.08 5.36 5.50 CaHP04'2H20 + + ++ 
2.0-3.0 6.19 5.80 5.92 CaHPO^ 'ZHgO + + + 
3.0-4.0 7.28 6.52 6.70 CaHP04"2H20 _Q T T 
4.0-5.0 7.58 7.02 7.27 None 0 0 H3 
5.0-6.0 7.61 7.38 7.40 It 0 0 0 
6.0-7.0 I 7 . 6 8  7.49 1 7.40 
tl 0 0 0 
7.0-8.0 / / It 0 0 0 
8.0-9.0 7.69 7.50 7.43 11 0 0 0 
Table 9. (Continued) 
Distance 
from fer­
tilizer 
source, cm. 
4 
weeks 
pH of so il Species 
Reaction products identified 
Relative amounts'* 
16 
weeks 
48 
weeks 
4 
weeks 
16 
weeks 
48 
weeks 
0 (fertilizer 
residue) 
0-0 .2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0-5.0 
5.0-6.0 
6.0-7.0 
7.0-8.0 
8.0-9.7 
0 (fertilizer 
residue) 
0-0 .2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0-5.0 
5.0-6.0 
6.0-7.0 
7.0-8.0 
8.0-9.7 
5.02 
6.02 
7.31 
7.64 
7.69 
7.72 
j. 7.72 
7.71 
} 
5.30 
6.58 
7.50 
7.72 
7.79 
7.80 
7.79 
7.80 
j- 7.61 
Initial soil pH 7.75 (9.1% CaCOg added, 25°C.) 
5.21 
5.91 
6.72 
7.32 
53 
7.61 
5.40 
6 . 2 0  
6.79 
7.28 
j. 7.39 
} } 
7.. 47 
— - CaHP04'21120 *** *** *** 
CaHPO^  * * * 
— CaHPO^ 'ZH^ O ++++ ++++ ++++ 
CaHPO^  T T T 
5.45 CaHP04-2H20 +++ +++ +++ 
6.00 CaHPO^ 'ZHgO + T + 
6.61 CaHPO^ 'ZHgO n 0 T 
 ^ 0 1 7.04 None 0 0 
7.38 ft 0 0 0 
7.43 ir 0 0 0 
ft 0 0 0 
7.54 ft 0 0 0 
7.52 ri 0 0 0 
Initial soil pH 7.75 (9.1% CaCOs added, 35°C.) 
mm CaHPO^ '2H2° 
CaHPO^  
T T * 
*** *** *** 
— — CaHP0^ -2H20 +++ +++ +++ 
CaHPO^  + + + 
5.44 CaHPOi^ '2H20 +++ +++ +++ 
5.97 CaHP04'2H20 T + + 
6.72 CaHPOy/ZHgO n T u 1 T 
7.22 None 0 0 *" U 
7.35 fi 0 0 0 
7.32 fi 0 0 0 
7.39 
ft 0 0 0 
II 0 0 0 
7.38 II 0 0 0 
65 
4 weeks even though the fertilizer phosphorus continued to diffuse into 
previously unaffected soil. The distribution of CaHPO^ *2H20 in the non-
calcareous samples incubated at a given temperature varied little with the 
initial soil pH. The presence of CaCOg, however, had an effect similar 
to that described for Norfolk loamy sand and Lloyd clay loam. 
Temperature appeared to have only a slight effect on the amount and 
distribution of CaHPO/j.*2H20 in Webster silty clay loam. In the samples 
with initial pH values of 6.53 and 7.04, the precipitation of CaHPO/j^ *2H20 
occurred to a slightly greater distance from the fertilizer source at 25°C. 
than at 35°G. Temperature appeared to have no effect in the samples with 
initial pH values of 7.71 and 7.75. 
The reaction of Ca(H2P0ij^ )2*H20 with Harpster silty clay loams I and 
II and Darling Downs clay (Table 10) followed the same pattern as described 
for the Norfolk, Lloyd, and Webster soils. Harpster silty clay loams I and 
II each had essentially the same pH but contained carbonate equivalent to 
3.0% and 21.7% CaCO^ , respectively. The greater content of carbonate in 
the Harpster silty clay loam II resulted in a more narrow precipitation.zone. 
The precipitate of CaHP0^ '2H20 was concentrated closer to the source in 
Harpster silty clay loam II than in Harpster silty clay loam I presumably 
because of the higher carbonate content of the former soil. The distribu­
tion of CaHP0^ *2H20 in Darling Downs clay (4.C% CaCO^  equivalent) was 
similar to that observed in Harpster silty clay loam I. 
As may be observed from Tables 7, 8, 9, and 10, the acid solution 
(saturated solution pH of 1.48) from Ca(H2P0^ )2'H20 depressed the soil pH 
to various degrees, depending on the buffering capacity of the soil. This 
Table 10. Crystalline phosphates identified in fertilizer residue and soil after incubation of mono­
basic calcium phosphate monohydrate with Harpster silty clay loams I and II and Darling 
Downs clay for 4, 16, and 48 weeks 
Distance Reaction products identified 
from fer­ PH of soil Species Relative amounts^  
tilizer 4 16 48 4 16 48 
source, cm. weeks weeks weeks weeks weeks weeks 
Harpster silty clay loam I CpH 7.51) 
0 (fertilizer — — — — — — CaHPOi^ * 2H2O *** *** *** 
residue) CaHPOiv T •K * 
0-0.2 H — — — - - CaHPO^ 'ZHgO ++++ ++++ ++++ 
CaHPOzi T T T 
0.2-1.0 4.25 4.74 5.01 CaHP04*2H20 +++ + + + +++ 
1.0-2.0 5.25 5.25 5.48 CaHP04'2H20 ++ ++ ++ 
2.0-3.0 . 6.31 5.72 5.79 CaHPOy/ZHgO T + + 
3.0-4.0 7.43 6.31 6.20 CaHP04'2H20 0 0 T 
4.0-5.0 7.50 T 7.06 6.59 None 0 0 0 
5.0-6.0 7.45 J 7.03 II 0 0 0 
6.0-7.0 17.47 } 7.31 ) 7.38 II 0 0 0 
7.0-8.0 ' J J II 0 0 0 
8.0-9.7 7.47 7.32 7.41 II 0 0 0 
Harpster silty clay loam II (pH 7.52) 
0 (fertilizer — — — — — — CaHPO^ 'ZHgO *** *** *** 
residue) CaHPO^  T • ' T * 
0-0.2 — — CaHPO^ '2H2O ++++ ++++ ++++ 
CaHPO^  T 0 + 
0.2-1.0 6.09 6.30 6.50 CaHPOij-2H20 + + *f ++ + +++ 
1.0-2.0 7.24 6.79 7.20 CaHP04'2H20 —0 T T 
2.0-3.0 7.49 7.26 7.50 None 0 0 1 0 
3.0-4.0 7.52 7.30 7.55 II 0 . 0 0 
4.0-5.0 
7.37 j 7.53 
II 0 0 0 
5.0-6.0 J  0 0 0 
6.0-7.0 •7.50 1 7.39 1. 7.52 II 0 0 0 
7.0-8.0 J J II 0 0 0 
8.0-9.7 7.40 7.57 II 0 0 0 
Table 10. (Continued) 
Distance 
from fer­
tilizer 
source, cm. 
pH of soil 
4 
weeks 
16 
weeks 
Reaction products identified 
Species Relative amount s ^ 
48 
weeks 
4 
weeks 
16 
weeks 
48 
weeks 
Darling Downs clay (pH 7.80) 
0 (fertilizer 
residue) 
0-0.2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0-5.0 
5.0-6.0 
6.0-7.0 
7.0-8.0 
8.0-9.7 
} 
4.98 
5.70 
6.67 
7.42 
7.60 
7.60 
7.60 
7.64 
5.24 
5.88 
6.38 
6.77 
7.24 
7.56 
} 7.52 
7.52 
CaHPOi 
CaHPO^  
CaHPO, 
5.69 
6.33 
6.99 
7.38 
7.52 
7.65 
}7.70 . 
7.77 
SIHgO 
-T • 2^ 2° 
CaHPO^  
CaHP04'2H20 
CaHPOi^ '2H20 
GaHPO^ '2H20 
None 
*** *** *** 
T * * 
+ + + + ++++ 
0 0 T 
4* + + +++ +++ 
+ + + + ++ 
T T + 
0 1 0 0 
0 0 L 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
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capacity increased with increasing content of exchangeable bases and car­
bonate. Ca(H2P0^ )2*H20 depressed the pH of noncalcareous Norfolk loamy sand 
(0.79to 2.52 meq. of exchangeable Ca/lOOg.) to a greater extent than in 
noncalcareous Lloyd clay loam (4.96 to 9.13 meq. exchangeable Ca/lOOg.). 
Similarly, the depression of pH values in noncalcareous Lloyd clay loam was 
greater than that observed in noncalcareous Webster silty clay loam (21.3 
to 29.2 meq. of exchangeable Ca/lOOg.). 
The pH values of the soil in which CaHP04»2H.20 precipitated ranged from 
2.83 in Norfolk loamy sand to 6.67 in Darling Downs clay. Although the pH 
values of soil containing precipitated CaHP04*2H20 did increase with time, 
the values rarely exceeded pH 6.5. The transformation of CaHPO^ /ZH^ O 
to CagH2(P04)g-5H20 was found in Part II to occur only at pH values greater 
than about 7.0 at 25°C. and at values greater than about 6.5 at 35°C. Thus 
it is obvious why CagH2(P0/j.)5*5H20 was not detected as a hydrolysis product 
of CaHP04*2H20 in this particular investigation. 
Reaction of monobasic ammonium phosphate with soils 
NH4.H2PO4 dissolves congruently to produce a saturated solution having 
a pH of 3.47 and containing 2.87 moles of phosphorus and ammonium per liter 
(Lindsay al •, 1962). With one exception, CallPOij.-2H20 was the only re­
action product identified in soils which had reacted with NH^ 2^ 0^ . In 
Darling Downs clay, Mg NH/{,P0/{.'6%20 was found as a reaction product in ad­
dition to CaHP0^ '2H20. In all soils, the CaHP0i^ -2H20 invariably precipitated 
as small clusters of blade-like crystals, whereas Mg NH/j,P0^ '6H20 generally 
occurred as single prismatic crystals. 
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The amount and distribution of CaHPO^ /ZHgO produced in Norfolk loamy 
sand by reaction with NH^ jHjPOi^  are shown in Table 11. It is obvious that 
most of the precipitation of CaHP0i).*2H20 occurred in 4 weeks because little 
change in the amount and distribution of the phosphate compound was observed 
at 16 or 48 weeks. Only trace to small amounts of CaHPO^ *^2H20 were formed 
in the segments of the samples adjusted to pH values of 6.41, 6.87, and 7.91 
(minus CaCOg), presumable because of the low content of exchangeable cal­
cium in the soil. Because the fertilizer is devoid of calcium, the quantity 
of CaHPO^ 'ZH^ O precipitated would be expected to be dependent on the content 
of reactive calcium in the soil. In addition to exchangeable calcium, 
CaCOg Can be a source of reactive calcium, as can be seen from the intensity 
of the precipitation of CaHPO^ -21120 in Norfolk loamy sand at pH 7.91 with 
and without CaCOg. The failure to detect CaHP04*2H20 or other crystalline 
phosphates in the Norfolk loamy sand adjusted to pH 8.70 with NagCOg probably 
resulted in part from the low content of exchangeable calcium. 
As shown in Table 12, the pattern of CaHPO^ 'ZH^ O precipitation in Lloyd 
clay loam was similar to that observed in Norfolk loamy sand. The amounts 
of the compound precipitated in segments of samples of comparable initial 
pH were greater in the Lloyd soil than in the Norfolk soil probably because 
of the greater content of exchangeable calcium in the Lloyd soil. 
The amount and distribution of CaHPO^ *2H20 in Webster silty loam after 
reaction with 25°C. and 35?C. are shown in Table 13. There ap­
pears to be little or no difference in the precipitation of CaHPO^ j,*21120 at 
the two temperatures. The extent of the precipitation zone of CaHPO^ 'ZH^ O 
(approximately 0 to 4.0 cm.) in noncalcareous Webster silty clay loam varied 
Table 11. Crystalline phosphates identified after incubation of monobasic ammonium phosphate 
with Norfolk loamy sand for 4, 16, and 48 weeks 
Distance 
from fer­
tilizer 
source, cm. 
4 
weeks 
pH of soil Species 
Reaction products identified 
Relative amounts^  
16 
weeks 
48 
weeks 
4  
weeks 
16 
weeks 
48 
weeks 
0 - 0 . 2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0-5.0 
5.0-6.0 
6.0-7.0 
7.0-8.0 
8.0-9.0 
0 - 0 . 2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0-5.0 
5.0-6.0 
6.0-7.0 
7.0-8.0 
8.0-9.7 
Initial soil pH 6.41 
4 . 9 6  
5 . 1 0  
5 . 1 6  
5.27 5.09 
5.22 
"I 5.30 ) 5.36 
5.15 / J 
j SulO j. 5.18 I 5.30 
j. 4.97 } 5.16 j 5.32 
5.21 5.28 5.20 
CaHPO/^ *2H20 
CaHP04«2HoO 
CaHPO/j-
CaHPO^ " 
CaHPO^  
CaHPO^  
CaHPO^  
None 
I I  
I t  
2H2O 
2H2O 
•2H2O 
ZHgO 
2H9O 
Initial soil pH 6.87 
I 5.32 5.13 J 
5-20 I 5.30 
5.25 J 
5.02 
5.14 
} 5.27. 
j  5 . 3 6  }  5 . 3 1  ] •  5 . 2 7  
] •  5 . 3 6  j  5 . 3 1  j  5 . 3 0  
CaHPO^ -ZH^ O 
CaHPO^ '2H20 
CaHPOy/ZHgO 
CaHPO/^ -2H20 
CaHPOy/ZHgO 
CaHPO^ 'ZHgO 
CaHPO^ -2H2O 
None 
T 
T 
T 
T 
T 
0 
0 
0 
0 
0 
5 . 6 1  5 . 3 2  5.23 
0 
T 
T 
+ 
+ 
T 
T 
0 
0 
0 
0 
T 
T 
T 
T 
T 
T 
0 
0 
0 
0 
T 
T 
T 
T 
T 
T 
0 
0 
0 
0 
T 
T 
T 
T 
T 
T 
0 
0 
JL 
0 
T 
T 
T 
T 
T 
T 
0 
0 
0 
Table 11. (Continued) 
Distance 
from fer­
tilizer 
source, cm. 
pH of soil Species 
Reaction products identified 
Relative amounts^  
4  
weeks 
16 
weeks 
48 
weeks 
4 
weeks 
16 
weeks 
48 
weeks 
0 - 0 . 2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0-5.0 
5.0-6.0 
6.0-7.0 
7.0-8.0 
8.0-9.7 
0-0 .2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0-5.0 
5.0-6.0 
6.0-7.0 
7.0-8.0 
8.0-9.7 
0 - 0 . 2  
0 . 2 - 2 . 0  
2.0-4.0 
4.0-6.0 
6 . 0 - 8 . 0  
8.0-9.7 
4.97 
5.18 
5.27 
5.33 
},5.45 
} 5-31 
5.91 
6 .  
6 .  
6 .  
6 .  
6 .  
6 .  
} 6 .  
6 .  
95 
82 
81 
56 
18 
17 
15 
84 
6. 42 
6. 27 
6. 31 
6. 24 
6. 02 
Initial soil pH 7.91 
} 5.31 
j. 5.33 
} 5.38 
} 5.30 
5.00 
5.21 
j  5 . 2 9  
j  5 . 3 8  
}  
5.29 
5.38 
5.20 
CaHPO4-2H20 0 T 0 
CaHP04'2H20 + T T 
CaHPO^ 'ZHgO + + T 
CaHP04-2H20 + + T 
CaHPO^ 'ZHgO + + T 
CaHP04'2H20 T T T 
CaHP04*2H20 T T T 
CaHPO^ '2H2O T T T 
CaHPO^ -2H2O T T T 
CaHP04*2H20 0 0 T 
Initial soil pH 7.91 (9.1% CaCOs added) 
} 
} } 
5.93 
6.09 
6.09 
6.07 
6.03 
m» CaHP04*2H20 ++ ++ 
6.20 
6.02 
CaHPO^ /ZHgO 
CaHPOij-2H20 
+ 
+ 
++ 
+ 
+ 
+ 
6.05 CaHP04'2H20 
None 
+ • 
0 
+ 
0 
0 • 
0 
6.00 
tt 
t1 
0 
0 
0 
0 
0 . 
0 
6.04 
ff 0 0 0 
tl 0 0 0 
— — 
tt 0 0 0 
Initial soil pH 8,70 
None 0 0 0 
— — 
II 0 0 0 
— — 
II 0 0 0 
— — 
II 0 0 0 
— — 
II 0 0 0 
M — II 0 0 0 
Table 12. Crystalline phosphates identified after incubation of monobasic ammonium phosphate with 
Lloyd clay loam for 4, 16, and 48 weeks 
Distance 
from fer­
tilizer 
source, cm. 
4  
weeks 
pH of so il Species 
Reaction products identified 
Relative amounts^  
16 
weeks 
48 4 16 48 
weeks weeks weeks weeks 
Initial soil pH 6.21 
M» — CaHP04*2H20 0 0 0 
5.42 CaHP0i^ -2H20 ++ + + + 
5.36 CaHPO^ 'ZKgO T + + 
5.18 CaHP04-2H20 0 T + 
4.90 CaHP04*2H20 0 T 0 
4.44 None 0 0 0 0 0 0 
4.52 0 0 0 t1 0 . 0 0 
4.58 ft 0 0 0 
0-0.2 
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2 , 0 - 3 . 0  
3 . 0 - 4 . 0  
4 . 0 - 5 . 0  
5 . 0 - 6 . 0  
6 . 0 - 7 . 0  
7 . 0 - 8 . 0  
8 . 0 - 9 . 7  
0 - 0 . 2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2 . 0 - 3 . 0  
3 . 0 - 4 . 0  
4 . 0 - 5 . 0  
5 . 0 - 6 . 0  
6 . 0 - 7 . 0  
7 . 0 - 8 . 0  
8 . 0 - 9 . 7  
5 . 1 8  
5 . 4 9  
5 . 5 0  
5 .21  
4 . 9 0  
5 . 0 5  
5 . 7 7  
6.08 
6 . 1 5  
} 
5 . 3 0  
5 . 6 2  
5 . 5 7  
5 . 3 2  
5 . 1 2  
5 . 6 0  
6 . 5 3  
6.70 
} 
} } 
} 
j -  5 . 6 1  
j  5 . 2 1  
} » • "  }  
}  4 . 2 2  J-
4 . 1 7  
Initial soil pH 6.81 
5 . 5 7  
5 . 1 1 .  
4 . 6 7  
4 . 3 4  
4 . 3 0  
5 . 4 0  
5 . 3 5  
5 . 2 6  
5 . 0 9  
} 4-79 
} 4.70 
4.63 
CaHPO^ 'ZHgO 0 0 0 
CaHP0.'2H20 ++ + + 
CaHPO^ 'ZHpO + + + 
CaHPO^ ' 2H2O T + + 
CaHPO^-ZHgO 0 T T 
None 0 0 0 
ri 0 0 0 
ff 0 0 0 
If 0 0 0 
If 0 0 0 
Table 12. (Continued) 
Distance 
from fer­
tilizer 
source, cm. 
4 
weeks 
pH of soil Species 
Reaction products identified 
Relative amounts^  
16 
weeks 
48 
weeks 
4 
weeks 
16 
weeks 
48 
weeks 
Initial soil pH 7.49 
0 - 0 . 2  
0 . 2 - 1 , 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0-5.0 
5.0-6.0 
6.0-7.0 
7.0-8.0 
8.0-9.7 
0 - 0 . 2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0-5.0 
5.0-6.0 
6.0-7.0 
7.0-8.0 
8.0-9.7 
5.42 
5.60 j 5.82 
} 
5.50 1 
6.89 J 
} 7.33 j 4.56 
7.42 5.16 
4.68 
) 
6 . 1 1  
6.30 
6.38 
6.38 
6.94 
7.42 
7.57 
CaHPO^ -2H2O T T T 
5.33 CaHPO/^ -2H20 ++ + + + 
5.28 
5.14 
CaHPO^ * ZHgO 
CaHPO^ 'ZH^ O 
++ 
+ 
+ 
+ + 
+ 
4.95 CaHPO^ 'ZH^ O 0 + + + 
4,82 CaHPO^ -ZHgO 0 T T 
None 0 0 0 
4.82 
f t  
I f  
0 
0 
0 
0 
0 
0 
4.92 f t  0 0 0 
Initial soil pH 7.51 (9.1% CaCOg added) 
mm mm M CaUPO^ * 2H2O + + ++ 
6.50 6.11 CaHPO^ -21120 + + ++ + 
6.44 6.13 CaHPO^ -ZHgO + + + 
6.22 6.09 CaHPO^ -21120 0 0 T 
6.02 5.88 None 0 0 0 
5.81 f f  Q  0 0 5.75 5.97 •  t  0 0 
6.92 ]• 7.00 
t l  0 0 1—-0— 
1 f t  0 0 0 
7.02 7.09 t l  0 0 0 
Table 13. Crystalline phosphates identified after incubation of monobasic ammonium phosphate with 
Webster silty clay loam for 4, 16, and 48 weeks 
Distance 
from fer­
tilizer 
source, cm. 
pH of soil Species 
Reaction products identified 
Relative amounts^  
4  
weeks 
16 
weeks 
48 
weeks 
4  
weeks 
16 
weeks 
48 
weeks 
0 - 0 . 2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2 . 0 - 3 . 0  
3 . 0 - 4 . 0  
4 . 0 - 5 . 0  
5 . 0 - 6 . 0  
6 . 0 - 7 . 0  
7 . 0 - 8 . 0  
8 . 0 - 9 . 7  
0 -0 .2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2 . 0 - 3 . 0  
3 . 0 - 4 . 0  
4 . 0 - 5 . 0  
5 . 0 - 6 . 0  
6 . 0 - 7 . 0  
7 . 0 - 8 . 0  
8 . 0 - 9 . 7  
} 
5 . 1 2  
5 . 1 5  
5 . 0 8  
5 . 2 4  
5 . 4 1  
5 . 8 3  
6 . 4 2  
6 . 5 6  
5 . 4 9  
5 . 5 8  
5 . 5 8  
5 . 6 3  
6,08 
6.60  
6 . 6 8  j  .  j -
6 . 6 9  
Initial soil pll 6.53 (25^ 0.)b 
j  5 . 3 2  
j .  5 . 1 9  
j - 4 . 7 0  
}  4 . 5 5  
4 . 5 9  
^  5 . 9 3  
j  5 . 8 1  
}  5 . 9 9  
} 
6 . 1 1  
6 . 2 0  
— CaHPOz^ ' 2H2O +++ +++ ++ 
5.19 CaHPO^ ' 2H2O ++ + + + + + + 
5.20 CaHPO^ 'ZHgO ++ + + + + + 
5.19 CaHPO^ 'ZHgO + + + ++ 
5.05 CaHPO^ 'ZHgO T + + 
4.62 CaHPO^ 'ZHgO 
None 
0 
0 
T 
0 
0 
0 
4.60 If 
0 
0 
0 
0 
0 
0 
4. 53 fl 0 0 1 0 
Initial soil pH 6.53 (35OC.) 
CaHPO^ '2H20 +++ +++ + + 
5.09 CaHP0^ *2H20 
CaHPO^ 'ZHgO 
+++ +++ +++ 
5.09 ++ ++ +++ 
5.13 CaHP04'2H20 + + + 
5.19 CaHP0i^ -2H20 T + T 
5.26 None II ' 
0 
0 
0 
0 
0 
0 
5.46 
II 
II 
0 
0 
0 
0 
0 
0 
5.54 II 0 0 0 
Table 13. (Continued) 
Distance Reaction products identified 
from fer­ pu of soil Species Relative amounts^  
tilizer 
source, cm. 
4 
weeks 
16 48 
weeks weeks 
4 16 48 
weeks weeks weeks 
0 - 0 . 2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2 . 0 - 3 . 0  
3 . 0 - 4 . 0  
4 . 0 - 5 . 0  
5 . 0 - 6 . 0  
6 . 0 - 7 . 0  
7 . 0 - 8 . 0  
8 . 0 - 9 . 7  
0-0 .2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2 . 0 - 3 . 0  
3 . 0 - 4 . 0  
4 . 0 - 5 . 0  
5 . 0 - 6 . 0  
6 . 0 - 7 . 0  
7 . 0 - 8 . 0  
8 . 0 - 9 . 7  
0 - 0 . 2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2 . 0 - 3 . 0  
3 . 0 - 4 . 0  
4 . 0 - 5 . 0  
5 . 0 - 6 . 0  
6 . 0 - 7 . 0  
7 . 0 - 8 . 0  
8 . 0 - 9 . 7  
Initial soil pH 7.04 (25°C.) 
5 . 1 2  
5 . 2 1  
5 . 0 9  
5 . 1 8  
5 . 4 1  
6 . 3 2  
j  7 . 0 3  
7 . 0 5  
5 . 6 1  
5 . 5 4  
5 . 4 5  
5 . 5 2  
5 . 8 0  
6.10 } 
2 9  
5 . 0 1  
6.76 
6 . 9 9  
5.21 
5.31 
5.10 
5.31 
5.75 
7.20 
j- 7.64 
7.69 
} 
j  4 . 5 4  
j  4 . 5 4  
4 . 8 1  
j - 5 . 7 5  
j . 5 . 5 8  
j . 5 . 2 9  
j 5 . 3 7  
5 . 5 1  
^ 5 . 3 2  
j - 5 . 0 8  
j - 4 . 9 2  ] •  
6 . 1 8  
— — CaHP04*2H20 +++ +++ +++ 
5.20 CallPO^ - 2H2O +++ +++ + + + 
5.21 CaHPO^'ZHgO 
CaHPO^'ZH^O 
CaHPO^-ZHgO 
None 
++ +++ ++ + 
5.12 ++ ++ + + 
4.92 
4.71 
+ 
0 
+ 
0 
+ 
0 
tl 0 0 0 
4.70 
11 
tl 
0 
0 
0 
0 
0 
0 
4.68 ft 0 0 1 0 
Initial soil pH 7. 04 (35°C.) 
M m. CaHPO^'ZKgO +++ +++ +++ 
5.43 CaHP04*2H20 +++ +++ +++ 
5.54 
5,52 
CaHPO^'ZHgO 
CaHPOi^'2H20 
++ 
+ 
++ 
+ 
+ + 
+ 
5.49 CaHPO/|«2H20 + + T 
5.33 None ft 
0 
0 
0 
0 
0 
0 
5.31 
tt 
ft 
0 
0 
0 
0 
0 
0 
5.35 ft 0 0 0 
Initial soil pH 7 .71 (25°C.) 
- - CaHP04'2H20 +++ +++ '+ + + 
5.08 CaHPO^'ZHgO + + + +++ + + + 
5.12 CaHPO^'ZHgO + + ++ + + 
5.03 CaHPO^ '2H20 
CaHP04'2H20 
CaHPO^'ZHgO 
None 
+ + + + 
4.89 
4.80 
T 
0 
n 
T 
T 
0 
+ 
0 
0 
4.81 
II 
II 
0 
0 
0 
0 
0 
0 
5.01 II 0 0 1 0 
Table 13. (Continued) 
Distance 
from fer­
tilizer 
source, cm. 
pH of soil Species 
Reaction products identified 
Relative amounts^  
4  
weeks 
16 
weeks 
48 
weeks 
4 
weeks 
16 
weeks 
4 8  
weeks 
0-0 .2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2 . 0 - 3 . 0  
3 . 0 - 4 . 0  
4 . 0 - 5 . 0  
5 . 0 - 6 . 0  
6 . 0 - 7 . 0  
7 . 0 - 8 . 0  
8 . 0 - 9 . 7  
0 - 0 . 2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2 . 0 - 3 . 0  
3 . 0 - 4 . 0  
4 . 0 - 5 . 0  
5 . 0 - 6 . 0  
6 . 0 - 7 . 0  
7 . 0 - 8 . 0  
8 . 0 - 9 . 7  
0-0 .2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2 . 0 - 3 . 0  
3 . 0 - 4 . 0  
4 . 0 - 5 . 0  
5 . 0 - 6 . 0  
6 . 0 - 7 . 0  
7 . 0 - 8 . 0  
8 . 0 - 9 . 7  
Initial soil pH 7.71 (350C.) 
5 . 7 4  
5 . 8 9  
5 . 9 1  
6 .00  
6 . 6 2  
7 . 3 6  
j  7 . 5 6  
7 . 6 9  
6 . 5 0  
6 . 6 2  
6 . 7 5  
7 . 1 8  
7 . 5 3  
7 . 5 6  
] •  7 . 7 2  
7 . 7 2  
} 
j  6 . 1 7  
| 6 . 1 9  
J - 6 . 5 0  
} 7 . 0 3  }  
7 . 5 9  
}  6 .12  
]  5 . 7 9  
j .  6 . 1 5  
] •  7 . 1 8  
5 . 4 0  
5 . 4 8  
5 . 5 5  
5 . 6 2  
5 . 5 5  
, 3 1  
. 4 0  
Initial soil pH 
} 
7 . 2 6  
5 . 9 9  
6 .02  
5 . 9 1  
5 . 9 1  
6 . 5 1  
7 . 1 1  
7 . 2 0  
7 . 2 0  
Initial soil pll 7.75 (9.1% CaCOs added, 35°C.) 
6 . 9 0  6 . 6 7  
6 . 7 9  
6 .88  
7 . 0 1  
7 . 5 2  
7 . 5 2  
}  7 . 6 5  j -  7 . 3 5  
7 . 7 0  7 . 4 8  
} 
j -  6 . 9 8  
j-7.12 
6 .10  
6 . 1 6  
6 . 3 0  
6 . 9 1  
7 . 2 1  
7 . 2 8  
CallP04-2H20 
CaHPOzi' 2H2O 
CaHPO^ 'ZHgO 
CaHPO/j,-2H2O 
None 
+++ 
+++ 
T 
0 
0 
+++ 
+ + + 
T 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
CaHP04'2H20 + + + +++ +++ 
CaHPO^ -ZHgO + + + +++ +++ 
CaHPOi^ -2H20 + + ++ ++ 
CaHPO^ 'ZHgO + + + 
CaHPO^ ' 2H2O T + T 
None 0 0 0 
tl 0 0 0 
tt 0 0 0 
ft 0 0 0 
f t  0 0 0 
7 5 (9.1% CaCOs added, 2 5 ° C . )  
CaHPO^ 'ZRgO + + + + + + •+++ 
CaHP04'2H20 + + + + + + +++ 
CaHP04'2H20 + + + 
CaHPO^ 'ZHgO 0 + + 
None 0 + + 
»f 0 1 0 n 
I I  0 0 0 
I t  0 0 0 
" 0 0 0 
I I  .  0 0 0 
1 
+++ 
+++ 
T 
T 
0 
0 
0-
0 
0 
0 
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little with the initial soil pH and was of magnitude similar to that observed 
in noncalcareous Lloyd' clay loam. The amount of CaHPO^ '^lHgO precipitated 
in each soil segment, however, was much greater than that observed in com­
parable segments of Lloyd clay loam. The more extensive precipitation in 
Webster silty clay loam was associated with its higher content of exchange­
able calcium. The addition of CaCO^  to the Webster soil shortened the pre­
cipitation zone of CaHP04*2H20. 
The influence of carbonate on the amount and distribution of CaHPOij,*2H2O 
in Harpster silty clay loam may be observed in Table 14. The precipitation 
zone of CaHPO/).*2H20 was longer in Harpster silty clay loam I (3.0% CaCOs 
equivalent) than in Harpster silty clay loam II (21.7% CaCO^  equivalent). 
When NH/(,H2P0^  reacted with Darling Downs clay, MgNH^ P^0^ '6H20 was 
identified as a reaction product in addition to CaHP0i;*2H20 (Table 14). 
The MgNHi^ POij.*6H2O crystals observed in this soil after 4 weeks were in the 
form of hemimorphic pyramidal prisms up to 1 mm. in length (Figure 2). 
The X-ray diffraction pattern, the refractive index, and the morphology of 
the crystals all agreed with those given for MgNH/{.P02|,"6H20 by Lehr et al. 
(1967). 
MgNHij,POi^ * 6H2O is reported to form in irrigation ditches when ammonium 
phosphate fertilizers are dissolved in alkaline water (Lehr et al., 1967), 
and this salt has also been identified in the precipitates formed when MgO or 
CaMg(C02)2 is added to saturated solutions of NH^ iHgPO^  or (NH^ j.)2H2PO4 
(Lindsay et al., 1962). Aside from the report by Lehr et , however, no 
account of formation of IXÏgNH^ POz;.'6H2O in soil was encountered in the litera­
ture. It is apparent that Darling Downs clay contained a sufficiently high 
content of reactive magnesium to permit precipitation of MgNH^ PO^ ,,'6H2O« 
Table 14. Crystalline phosphates identified after incubation of monobasic ammonium phosphate with 
Harpster silty clay loam I and II and Darling Downs clay for 4, 16, and 48 weeks 
Distance 
from fer­
tilizer 
source, cm. 
4 
weeks 
pH of soil 
16 
weeks 
48 
weeks 
Species 
Reaction products identified 
Relative amounts^  
4  
weeks 
16 
weeks 
4 8  
weeks 
0-0.2 
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2 . 0 - 3 . 0  
3 . 0 - 4 . 0  
4 . 0 - 5 . 0  
5 . 0 - 6 . 0  
6 . 0 - 7 . 0  
7 . 0 - 8 . 0  
8 . 0 - 9 . 7  
0-0.2 
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2 . 0 - 3 . 0  
3 . 0 - 4 . 0  
4 . 0 - 5 . 0  
5 . 0 - 6 . 0  
6 . 0 - 7 . 0  
7 . 0 - 8 . 0  
8 . 0 - 9 . 7  
} 
Harpster silty clay loam I (pH 7.51) 
— — CaHP04'2H20 +++ +++ ++ + 
6.12 6.31 5.69 CaHPÔ4'2H20 ++ + +++ +++ 
6.49 6.31 5.80 CaHPOij-2H20 ++ +++ ++ + 
6.36 5.83 5.7 9 CaHP04-2H20 + ++ ++ 
6.02 5.60 5.72 CaHPOi^- 2H2O T + + 
6.80 5.58 5.73 None 0 0 0 
7.48 5.65 5.71 ft 0 1 0 0 b 
7.46 I 6.65 1 6.21 
I f  0 0 0 
/ i I I  0 0 0 
7.51 7.13 7.13 I f  0 0 0 
Harpster s ilty clay loam II (pH 7.52) 
} 
6 . 9 9  
7 . 3 7  
7 . 2 5  
7 . 5 6  
7 . 5 8  
7 . 5 3  
7 . 5 2  
6 . 8 0  6 . 7 2  
6 . 8 5  7 . 1 8  
6 . 8 4  7 . 1 6  
6 . 8 4  7 . 1 9  
j  7 . 1 1  j  7 . 2 9  
y  7 . 2 6  j .  7 . 3 1  
CaHPO 
CaHPO, 
None 
7 . 5 1  7 . 2 8  7 . 3 8  
i4'2H20 ++++ ++++ ++++ 
ly/ZHgO ++ +++ + + + 
0 + 0 
0 0 0 
0 n Q u 1, u 1 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
B^roken line indicates distance of movement could not be determined precisely by method used. 
(Here and throughout other tables.) 
Table 14. (Continued) 
Distance Reaction products identified 
from fer­ pH of soil Species Relative amounts^  
tilizer 4 16 48 4 16 48 
source, cm. weeks weeks weeks weeks weeks weeks 
Darling Downs clay (pH 7.80) 
0-0.2 — — — CaHP04-2H20 +++ +++ +++ 
MgNH^ PO^ '&HgO T 0 0 
0.2-1.0 6.22 6.45 5.82 CaHPO^ 'ZHgO +++ ++ + + + 
MgNH/j PO^ 'GHgO ++ + +++ + 
1.0-2.0 6.34 6.49 5.98 CaHP04'2H20 ++ ++ ++ 
MgNHi,P04-6H20 ++ ++ T 
2.0-3.0 6.27 6.30 6.09 CaHP04'2H20 + + ++ 
MGNHN P0^ -6H20 T + T 
3.0-4.0 6.40 6.31 6.08 CaHP0^ '2H20 T T T 
MgNH^ PO^ 'GHgO 0 T 0 
4.0-5.0 7.00 6.44 6.03 None 0 1 0 0 
5.0-6.0 7.56 6.96 6.01 0 0 0 
6.0-7.0 1-7.60 17.32 \ 6.88 II 0 0 0 
7.0-8.0 J J J II 0 0 0 
8.0-9.7 7.65 7.32 7.40 II 0 0 0 
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Figure 2. Magnesium ammonium phosphate hexahydrate found in a column 
of Darling Downs clay 16 weeks after addition of a band 
of monobasic ammonium phosphate (X/5)> The crystals were 
from soil 0.5 to 1.0 cm. from the fertilizer band. 
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As may be seen from Table 14, only a trace of MgNH^ PO^ *6H.2O was 
identified in the 0 to 0.2 cm. soil segment at 4 weeks. The precipita­
tion of this compound quickly reached a peak in the 0.2 to 1.0 cm. seg­
ment and then decreased with distance to about 3.0 cm. The initial con­
tact of the acid fertilizer solution with the first few millimeters of 
soil probably provided an environment too acid for precipitation of 
NgNH^ PO^ 'ôHgO. 
. After 15 weeks, some of the MgNH^ PO^ /GH^ O crystals showed a small 
amount of pitting, indicating that dissolution was occurring. Only a 
small quantity of the compound remained after 48 weeks. The remaining 
crystals were only fragments of the original crystals observed at 4 weeks. 
A white powder was observed on the surface of the residual crystals, but 
the amount was too small for X-ray diffraction analysis, and identifica­
tion by the optical properties was not successful. It is known, however, 
that MgNH^ PO^ 'GH^ O will dissolve incongruently in water to form a magnesium 
phosphate of composition Mg3(P04)2*221120. It is conceivable, then, that 
the white powdery material observed on the MgNH^ PO^ '6II2O crystals at 48 
weeks was Mg2(P0i{,)2 "221120. 
The CaHPOi|,*2H20 formed in Darling Downs clay occurred as small clus­
ters of blade-shaped crystals, as in the other soils. The amount of the 
phosphate compound identified decreased with distance from the source 
of NHi^ H2P0:^ , and the major portion of the precipitation appeared to have 
been completed in 4 weeks. 
Because NH4H2PO4 does not produce a solution as acid as Ca(H2P0^ )2-H20, 
the pH values of the soils in contact with the former salt were higher 
than in comparative segments of soils which had reacted with the latter 
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salt. In. the soils which reacted with NH4H.2PO4,, however, the conversion 
of to NO3" (nitrification) with time resulted in a slight decrease 
in pH from 4 to 48 weeks. 
In the soils reacted with NHi^ H2P0ij., CaHPO^ /ZHgO was found from ph 
4.96 to pH 6.99. This range is smaller than that observed in the case of 
Ca(H2P0ij.)2*H20 (2.83 to 6.67), and the upper and lower limits are higher. 
The pH values were still too low, however, to promote the hydrolysis of 
CaHP04'2H20 to Ca8H2(P04)6*5H20. 
Reaction of dibasic ammonium phosphate with soils 
Like NH4H2P0ij, (NHi^ )2HP0j^  dissolves congruently, leaving no solid 
residue. The saturated solution produced by the dissolution of (NHi^ )2HP0i^ , 
however, is alkaline (pH 7.98), in contrast to the acid solution (pH 3.47) 
produced by NHijH2P0^ .. The saturated solution of (NH^ ,)2HP0^ , contains 3.82 
moles of phosphorus and 7.64 moles of ammonium per liter (Lindsay et al., 
1962). 
Table 15 shows the reaction products identified after the reaction of 
(NH4)2HP0^  with Norfolk loamy sand for 4, 16, and 48 weeks. After 4 weeks, 
Ca(NH4)2(HP0i(.)2*H20 (dimorph B) was identified in each of the soils ad­
justed to various pH values. This compound was observed under the.bi­
nocular microscope as white lath-like structures on the surface of the 
soil particles. When these structures were examined under the pétrographie 
microscope, each was found to consist of hundreds of parallel rods. (The 
morphology of these crystals may be seen in Figure 3 which occurs at a 
later stage and which contains a photomicrograph of Ca(NII^ )2(HPO^ )2'^ 2^  ^
Table 15. Crystalline phosphates identified after incubation of dibasic ammonium phosphate with 
Norfolk loamy sand for 4, 16, and 48 weeks 
Distance 
from fer-
tilizer 
source, cm. 
pH of soil Species 
Reaction products identified 
Relative amounts® 
4 
weeks 
16 
weeks 
48 
weeks 
4 
weeks 
16 
weeks 
48 
weeks 
Initial soil pH 6.41 
0 - 0 . 2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0— 6.0 
6 * 0—8 #0 
8.0-9.7 
7.06 
7.00 
7.02 
6.75 
6.42 
5.91 
5.72 
6 .88  } 
} 6.92 j-5.80 
5.58 
5.72 
Ca (Nlli^  ) 2 (HPO4 ) 2* «2°® 
None 
6 . 8 2  
6.97 
6 . 8 0  
5.90 
5.88 
5.78 
T 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Initial soil pH 6.87 
0-0 .2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0.6.0 
6.0-8.0 
8.0-9.7 
7.01 • } 6.88 5.90 None 
6.74 • 5.71 I f  
6.81 • I 6.84 V 5.92 « t  
6,78 . f ) I f  
6.56 6.82 5.92 f t  
6.10 6,80 5.92 1 1  
5. 90 6.72 5.76 I t  
T 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Table 15. (Continued) 
Distance 
from fer­
tilizer 
source, cm. 
pH of soil Species 
Reaction products identified 
Relative amounts® 
4 
weeks 
16 
weeks 
48 
weeks 
4 
weeks 
16 
weeks 
48 
weeks 
0-0 .2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0-6.0 
6 . 0 - 8 . 0  
8.0-9.7 
0-0.2 
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
5.0-6.0 
6 . 0 - 8 . 0  
8.0-9.7 
0-0 .2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0-6.0 
6 . 0 - 8 . 0  
8.0-9.7 
6.92 
6 .80  
6.69 
6.30 
6 . 0 1  
6 . 1 0  
6.04 
6.91 
6.67 
6.76 
6.49 
5.96 
6.13 
6.90 
j  6 . 9 7  
j -  7 . 0 1  
.80 
.81  
Initial soil pH 7.91 
Ca (Nlli^ ) 2 (HPO4) 2 • H2OB 
None 
} 6 .00  
6.93 
6.94 
6.91 
.02 
.89 
.89 
+ 
0 
0 
0 
0 
0 
G 
0 
} 
) 
5. 98 
6.83 
5. 79 
7.15 } ' •  01 
6.87 
/ 
5. 97 
6.88 6. 00 
6.86 5. 55 
7.04 
Initial pH 7.91 (9.1% CaCOg added) 
Ca ( ml^  ) 2 (HPO4 ) 2 • H2OB 
CaHP0/^ -2H20 
Ca(NH4)2(HPO4)2"H2OB 
CaHP04'2H20 
None 
+ + + 
0 
+ 
0 
0 
0 
0 
0 
0 
0 
} 
j- 7.02 
7.03 
6.99 
7.09 
Initial pH 8.70 
Ca (NH4)2 (UPO4) 2 '11203 
None 
T 
0 
0 
0 
0 
0 
0 
0 
T 
0 
0 
0 
0 
0 
0 
0 
T 
+ 
0 
T 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
+ 
0 
T 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
00 
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crystals isolated from Harpster silty clay loam I.) The compound had an 
average refractive index of 1.51 which agreed with the data given by Lehr 
et al. (1967) for Ca(NH4)2(HP04)2-H20B ( a = 1.505, P = 1.510,^  = 1.511). 
The X-ray diffraction data obtained on the compound also agreed with those 
given for Ca(NH4)2(HP04)2*H20B by Lehr et 
In the noncalcareous samples of Norfolk loamy sand, Ca(NH^ )2(HP0^ )2" 
HgOB was identified at 4 weeks in trace to small amounts only in the first 
2 mm. adjacent to the (NH4)2HP0ij. source. The initial precipitation of the 
compound in the sample treated with CaCOg was more extensive but still did 
not occur more than 5 mm. away from the fertilizer source. 
With increasing time, the Ca(NH%^ 2(HP0^ )2"H20B slowly dissolved. 
At 48 weeks, the compound could not be detected in any of the Norfolk 
samples. In the calcareous sample, however, it was possible to detect 
a white powdery residue of the originally dense precipitate of 
Ca(NHi^ )2(HP04)2*H20B. Under the pétrographie microscope, the residue was 
observed as very small (about 1^  in diameter) crystals roughly circular 
in shape. The refractive index of these crystals was difficult to deter­
mine but was in the range 1.55 to 1.55.  ^vitro studies have shown that 
Ca(NH4)2(HP0/4,)2*H20B can alter to CaHP0^ '2H20 (Frazier et , 1964). 
This latter compound has refractive indexes of 1.540 (cc), 1.545 (P) and 
1.551 (Y). It is conceivable, therefore, that the residue was 
CaHP0^ '2H20. Unfortunately, the residue produced no X-ray diffraction 
peaks, so that a positive identification could not be made with this method. 
As shown in Table 16, Ca(NHij,)2HPO^ j^ )2*11203 was also identified in 
Lloyd clay loam. The amounts were higher than in Norfolk loamy sand, pre­
sumably because of the higher content of reactive calcium in the Lloyd 
Table 16. Crystalline phosphates identified after incubation of dibasic ammonium phosphate with 
Lloyd clay loam for 4, 16, and 48 weeks 
Distance 
from fer­
tilizer 
source, cm. 
' pH of so il Species 
Reaction products identified 
Relative amounts^  
4 
weeks 
16 
weeks 
48 
weeks 
.  4  
weeks 
16 
weeks 
48 
weeks 
0 - 0 . 2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
.4. 0—5 . 0 
5.0-6.0 
6.0-7.0 
7 . 0 - 8 . 0  
8.0-9.7 
0 - 0 . 2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0-5.0 
5.0-6.0 
6.0-7.0 
7.0-8.0 
8.0-9.7 
6.00  
6 . 1 8  
6 .21  
6.30 
6 . 1 8  
5.92 
5.20 
5.28 
5.89 
6.19 
6.29 
6 . 2 8  
6.40 
6.38 
6.48 
6.48 
6 . 2 2  
6.32 
6 .18  
6 . 2 8  
6.25 
6 . 0 1  
6 .68  
}6.53 
j.6.44 J- 6.04 
j. 6.02 j- 6.03 
4.80 5.84 
6 . 6 0  } } 
} 
j - 5 . 9 1  
6 . 5 1  
6.37 
5.65 
5.98 
5.91 
6.11 
6 . 2 1  
6.31 
Initial soil pH 6.21 
Ca 2 (HPO4) 2 • H2OB 
Ca(NH4)2(HP04)2'H20B 
None 
f t  
I I  
I I  
I I  
I I  
I I  
Initial soil pH 6.81 
Ca(NH4)2(HPO4)2•H2OB 
Ca(NH4)2(HPO4)2-HjOB 
None 
I I  
I I  
T 
T 
0 
0 
0 
0 
0 
0 
0 
+ 
+ 
0 
0 
0 
0 
0 
jQl 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Table 16. (Continued) 
Distance 
from fer­
tilizer 
source, cm. 
pH of soil Species 
Reaction products identified 
Relative amounts a 
4 
weeks 
16 
weeks 
48 
weeks 
4 
weeks 
16 
weeks 
48 
weeks 
0-0 .2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0-5.0 
5.0-6.0 
6.0-7.0 
7 . 0 - 8 . 0  
8.0-9.7 
0 - 0 . 2  
Initial soil pH 7.49 
6 . 0 0  
6 . 2 1  
6.32 
6.45 
6.36 
6.72 
6 . 8 2  
7.33 
7.37 
j 6.72 
j 6.72 
6^.70 
j.6.66 
6.48 
} 
} 
mm — Ca (Nllz^  ) 2 (HPO4 ) 2 • H2OB ++ T 0 
6.20 Ca(NH4)2(HPO4)2 •H2OB + T 0 
6.28 None 0 0 0 
6.23 It 0 0 0 
6.09 II 0 0 0 
6.13 
II 0 0 0 
" 0 0 0 
II g 0 
0 
0 
0 5.93 II 0 
5.70 II 0 0 0 
Initial soil pH 7.51 (9.1% CaCOg added) 
0 . 2 - 1 . 0  6 . 2 5  6 . 6 1  6 . 3 7  
1 . 0 - 2 . 0  6 . 2 9  6 . 5 2  6 . 4 1  
2 . 0 - 3 . 0  6 . 3 1  6 . 5 8  6 . 2 8  
3 . 0 - 4 . 0  6 . 3 3  6 . 5 0  6 . 2 1  
4 . 0 - 5 . 0  6 . 4 7  " 1 6 . 4 1  \  6 . 3 1  
5 . 0 - 6 . 0  7 . 1 1  J  J  
6 . 0 - 7 . 0  7 . 3 9  1 6 . 2 6  \ 6 . 1 2  
7 . 0 - 8 . 0  7 . 4 8  J / 
8 . 0 - 9 . 7  7 . 5 0  6 . 4 9  6 . 1 2  
Ca (N% ) 2(HPO4) 2 • HgOB 
CaHPOi,.'21120 
Ca(NH4)2(HPO4)2•H2OB 
CaHPO^ .^ HgO 
None 
II 
II 
II 
II 
II 
II 
II 
++++ 
0 
++ 
0 
0 
0 
0 
0 
-G 
0 
0 
0 
+ + + 
0 
+ 
0 
0 
0 
0 
0 
0 
0 
_0— 
T 
+ 
T 
T 
0 
0 
0 
0 
0 
0 
0 
JL 
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soil. The precipitation of Ca(NHi,.)2(HP04)2*H20B generally occurred in 
the first few millimeters of soil, and only in the samples treated with 
CaCOg did it extend as far as 5 mm. from the fertilizer source. The amount 
of the compound formed at 4 weeks increased with the initial pH and con­
tent of reactive calcium in the soil. 
By the end of 16 weeks, the crystals of Ca(NH^ )2(HP0j^ )2*H20B had 
lost their characteristic lath-like shape and had formed a white powdery 
material. The powdery material was still present at the end of 48 weeks, 
and the presence of CaHP0ij.*2H20 was identified in it by X-ray diffraction. 
The nature of the reaction products identified after the reaction of 
(NH^ )2HP0j^  with Webster silty clay loam at 25°C. and 35°C. is shown in 
Table 17. Ca(NHi^ )2(HPOij.)2'H20B was identified in all samples at the end 
of 4 weeks. The precipitation of this compound followed the same pattern 
as that described for Lloyd clay loam. The amount of the compound formed 
in Webster silty clay loam, however, was generally larger than that formed 
in Lloyd clay loam at the same temperature and comparable soil pH, pre­
sumably as a result of the higher content of exchangeable calcium in the 
former soil. At 35°C., the precipitation of Ca(NHi^ )2(HP0/|)2*H20B was in 
all instances less than in comparable samples at 25°C. 
At 16 and 48 weeks, a tan colored powdery residue of Ca(NH4)2(HPQij^ )2' 
H2OB was found in Webster silty clay loam adjusted to pH values of 7.71 
and 7.75. The residue had optical properties similar to those of 
CaHPO^ -ZHgO. 
In Webster silty clay loam, CaHPO^ *2H20 was identified as an important 
reaction product at 4 weeks and, in noncalcareous soil, extended from 0 to 
Table 17. Crystalline phosphates identified after incubation of dibasic ammonium phosphate with 
Webster silty clay loam for 4, 16, and 48 weeks 
Distance Reaction products identified 
from fer­ pH of soil Species Relative amounts^  
tilizer 4 16 48 4 16 48 
source, cm. weeks weeks weeks weeks weeks weeks 
0 - 0 . 2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0-5.0 
5.0-6.0 
6.0-7.0 
7.0-8.0 
8.0-9.7 
0 - 0 . 2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0-5.0 
5.0-6.0 
6.0-7.0 
7.0-8.0 
8.0-9.7 
6.52 
6.52 
6.70 
6.52 
5.68 
5.73 
6.23 
6.50 
6.79 
6.60 
6.74 
6.79 
6.89 
6.99 
6 . 8 2  
6.73 
6.59 
6.76 
) } ) 
j -  4 . 9 1  
6.90 
6.40 
6.30 
6.27 
5.68 
5.28 
6.91 14.94 
4.69 
} } 4.89 
4.92 
6.29 
6 . 2 0  
6 .00  
5.82 
5.50 } 
J 5.38 
Initial soil pH 6.5 3 (25°C) 
5.32 
Ca(NH4)p(HPO4)2•H2OB ++ 
CaHPO^-iHgO T 
Ca(NH4)2(HPO4)2•H2OB T 
CaHPO^'^HpO T 
CaHPO^'ZKpO + 
CaHP04-2H20 + 
CaHP04'2H20 + 
CaHP04'2H20 T 
None 0 
ft 0 
It 0 
II 0 
Initial soil pH 6 . 5 3  (35°C.) 
Ca(Mîi^)2 0iP0^)2'H20B + 
CaHPO^'ZHgO + 
CaHPOi^'2H20 T 
CaHPO^'ZHgO + 
CaHP04'2H20 + 
CaHPO^" 2H2O + 
CaHPO^'21130 T 
None 0 
II 0 
II 0 
II 0 
0 
++ 
0 
++ 
+ 
+ 
++ 
++ 
0 
0 
0 
-6— 
0 
+ + 
+ + 
T 
++ 
++ 
0 
0 
0 
-Q— 
0 
++ 
0 
++ 
++ 
++ 
++ 
0 
0 
0 
0 
0 
0 
++ 
+ 
0 
+ 
+++ 
T 
0 
0 
0 
0 
Table 17. (Continued) 
Distance Reaction products identified 
from fer­ pH of soil Species Relative amountsa 
tilizer 4 16 48 4 16 48 
source, cm. weeks weeks weeks weeks weeks weeks 
0 - 0 . 2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0-5.0 
5.0-6.0 
6.0-7.0 
7.0-8.0 
8.0-9.7 
0-0 .2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0-5.0 
5.0-6.0 
6.0-7.0 
7 . 0 - 8 . 0  
8.0-9.7 
6 . 3 2  
6 . 5 3  
6 . 5 4  
6 . 6 2  
5 . 8 0  
6 . 2 8  
6 . 7 4  
7 . 0 4  
7 . 0 6  
} 
Initial soil pH 7.04 (25°C.) 
Ca(NH4)2(HPO4)2•H2OB 
CaHP04'2H20 
Ca8H2(P04)6-5H20 
6.35 Ca(N%)2CHPO|^ )2-H20B 
6. 90 CaHPO/j-21120 
Ca8H2(P0^^6 
6. 31 CaHP04'2H20 
6. 22 5. 72 CaHP04'2H20 
5. 32 CaHP0/^-2H20 
4, 81 }=• 10 None n 
4. 68 }'• 02 II It 
4. 77 5. 15 II 
Initial soil pH 7.04 (35°C.) 
6 . 4 8  
7 . 0 7  
6 . 6 7  
6 . 6 4  1  
6 . 8 5  J  
6 . 6 0  1  
6 . 3 2  J  
j  6 . 7 0  j -  6 . 1 2  
6 . 9 8  6 . 0 9  
6.90 
6 . 5 2  
} 
++ 0 0 
T + + ++ 
0 T T 
T 0 0 
T + + 
0 T T 
+ + ++ 
+ + + + 
+ ++ ++ 
0 0 0 
0 0 u 
0 0 0 
0 0 0 
0 0 0 
— CaCNHi^ )2 (HPO^ Jp -HoOB + 
CaHP04-2H20 ++ 
Ca8H2(P04)6'5H20 0 
5.98 CaCNHij) 2 (HPO4) 2 •H2OB T 
CaHPOy/ZHgO + 
6.01 CaHPO^ 'ZHgO + 
5.98 CaHP04'2H20 + 
5.72 CallPO^ -21120 + 
5.48 CaHP04'2H20 0 
None 0 
5.42 
II 
It 
0 
0 
5.40 II 0 
0 
+ + 
T 
0 
+ 
0 
+ 
++ 
+ 
0 
0 
-e— 
0 
+ 
T 
0 
T 
0 
++ 
++ 
+ 
0 
0 
0 
0 
Table 17. (Continued) 
Distance 
from fer­
tilizer 
source, cm. 
pH of soil 
Reaction products identified 
Species Relative amounts® 
4 
weeks 
16 
weeks 
48 
weeks 
4 
weeks 
16 
weeks 
48 
weeks 
0-0.2 
0 .2 -1 .0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0-5.0 
5.0-6,0 
6.0-7.0 
7.0-8.0 
8.0-9.7 
0 - 0 . 2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0-5.0 
5.0-6.0 
6.0-7.0 
7.0-8.0 
8.0-9.7 
6.40 
6.55 
6.58 
5.58 
6.51 
6.41 
6.88  
6 . 1 8  
5.17 
6.30 
5.81 
5.82 
5.10 
5.19 
Initial soil pH 7.71 (25°G.) 
Ca (NH^ ) 2 (HPOiv) 2 * H^ OB 
CaHPO^ 'ZRgO 
CagH2(P04)6'5H20 
Ca(NH4)2(HPO4)2 •H2OB 
CaHPO^  *21120 
CagH2(P04)6' 
CaHPO/j* 2H2O 
CaHP04'2H20 
CaHPO^ 'ZHgO 
CaHPO^ -
None 
•5H2O 
•2H2O 
7.55 J- 4.94 j-5.38 t l  I I  
7.64 5.55 5.70 
Initial soil pH 7.71 (35°C.) 
CaCNH^ )2(HPO4)2•H2OB 
6.71 
17.11 
6 . 8 2  
7.00 
7.18 
7.80 I 7.10 
J.  7 .02 
}  
j 7.22 
7.80 7.21 
6.25 
6 . 2 8  
6.31 
6.27 
6.13 
5.98 
5.58 
5.42 
CaHPO^ 'ZHgO 
CagH2(P04)6.5H20 
Ca (NH/4.) 2 (HPO4) 2 • H2OB 
CaHP0i,-2H20 
Ca8H2(P04;6-5H20 
GaHPOi^ '2H20 
CaHPO^ 'ZHgO 
GaHP0/^ '2H20 
CaHP04'2H20 
None 
I t  
I I  
I I  
*f+ + 
0 
0 
+ 
0 
0 
T 
T 
T 
0 
0 
0 
0 
0 
T 
++ 
0 
T 
0 
0 
T 
T 
T 
T 
0 
0 
0 
0 
T 
++ 
T 
0 
+ 
T 
T 
T 
++ 
T 
0 
0 
0 
0 
T 
++ 
T 
0 
T 
0 
T 
T 
T 
0 
0 
0 
0 
0 
0 
++ 
T 
0 
+ 
0 
T 
T 
++ 
0 
0 
0 
0 
0 
0 
++ 
T 
0 
+ 
T 
T 
T 
+ 
T 
0 
0 
0 
0 
Table 17. (Continued) 
Distance 
from fer-
tilizer 
source, cm. 
4 
weeks 
pli of so il 
Reaction products identified 
Species Relative amounts^  
16 
weeks 
48 
weeks 
4 
weeks 
16 
weeks 
48 
weeks 
0 - 0 . 2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0-5.0 
5.0-6.0 
6.0-7.0 
7.0-8.0 
8.0-9.7 
0-0 .2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0-5.0 
5.0-6.0 
6.0-7.0 
7.0-8.0 
8.0-9.7 
6.57 
> 7 . 0 6  
6.73 
6.78 
6.91 
7.23 
7.55 
6.60 
7.10 
6 . 8 0  
6 . 8 2  
6.95 
7.24 7.15 
7.93 
Initial soil pH 7.75 (9.1% CaCOs added, 250C.) . 
J' 6.65 
} 5 . 8 9  
J-7.53 -^6.89 
7.76 7.12 
6.52 
6.53 
6.48 
6.38 
6.35 
6 . 6 2  } 7.04 
7.10 
Initial 
Ca(NH4)2HPO4)2•H2OB 
CaHP04'2H20 
CagH^ (P04)6*5H20 
Ca(NH4)2(HP04)2'H20B 
CaHPO^ .^ HgO 
CaHPO/^ .-21120 
CaHPO^ 'ZHgO 
CaHP04'2H20 
None 
ft 
I f  
+ + ++ 
0 
0 
+ 
0 
0 
0 
0 
0 
0 
0 
0 
H- + 
+ 
T 
0 
T 
0 
0 
0 
0 
0 
0 
0 
0 
} 
6.23 
6.37 
6.46 
6.55 
6.49 
6.39 
6.89 
soil pH 7.7 5 (9.1% CaCOs added, 35°C.) 
Ca (NH4) 2 (HPOzj.) 2 • H2OB 
CaHPOij'2H20 
Ca (NHi^  )2 (HPO4) 2 • HjOB 
CaHPO^ 'ZHgO 
CaHPO^  «21120 
CaHPOi '2H2O 
CaHPOi^ -2H2O 
None 
+++ 
T 
T 
T 
0 
0 
0 
0 
7.49 6.99 
0 
0 
0 
0 
+ 
T 
0 
T 
0 
0 
0 
0 
0 
-e-
0 
0 
+ 
+ 
T 
0 
T 
0 
T 
T 
0 
_Q_. 
0 
0 
0 
0 
+ 
0 
T 
0 
T 
T 
0 
0 
-0-
0 
0 
93 
4-5 cm. The pattern of precipitation of this compound was the same at 
25°C. and 35°C. except in the first few millimeters of soil adjacent to 
the source. In this zone, there was a definite tendency for the 
amount of CaHPO^ *^21120 to be higher at 35°C. than at 25°C. (the reverse 
situation was observed with Ca(NH4)2(HP0/|^ )2'H20B). The CaHPO^ Z^KgO 
referred to here was in the form of well-crystallized, small to medium-
size crystals. These crystals were distinct from the powdery residue of 
Ca(NHi^ )2(HP0i^ )2*H.20Bj which also was thought to be CaHP04*2H20. At pH 
7.04, 7.71, and 7.75, traces of CagH^ CPO^ jg'SH^ O were found after 16 weeks 
op. this well-crystallized CaHP04*2H20. The formation appeared greater at 
35°C. than at 25°C. 
The amount of CaHP04*2H20 precipitated in a given segment of soil was 
smaller the higher the initial pH, and this amount increased with time. 
It is apparent that the precipitation of this compound was not favored by 
the environment encountered when the alkaline (NH.||^ )2HP0|j^  solution first 
reacted with the soil. Presumably the calcium concentration was too low. 
As the was converted to NO3" with passage of time, the pH of all 
samples dropped, and more Ca'H.P04"2H20 was formed. 
It is of interest at this point to observe the lack of identification 
of CaHP0^ '2H2O as an initial phase in Lloyd clay loam and Norfolk loamy 
sand. The exchangeable calcium content of these soils was low in compari­
son with that in Webster silty clay loam, and this may have been the reason 
why CaHP04*2H20 was not detected as an initial crystalline product in these 
soils. 
The nature of the reaction products identified after the reaction of 
(NK/),)2HP0^  with the Harpster silty clay loams I and II and Darling Downs 
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clay is shown in Table 18. The nature, amount, and distribution of the 
reaction products formed in Harpster silty clay loam I (pH 7.51) were 
essentially the same as those observed in Webster silty clay loam with a 
pH value of 7.71. This similarity would be expected because the two soils 
had similar contents of exchangeable calcium (the Harpster soil did, how­
ever, contain carbonate equivalent to 3.0% CaCOg). The formation of 
Ca(NH4)2(HP0^ )2*H20B on the surface of granules of Harpster silty clay 
loam I is shown in Figure 3 together with a photomicrograph of a sample 
of the Ca(NHi^ )2(HP0ij,)2'H20B isolated from this soil. 
When (NH^ )2HP0^  reacted with Harpster silty clay loam II, a white 
material was found coating most of the soil granules in the 2 to 3 mm. 
of soil adjacent to the fertilizer source (Figure 4). This material 
generally lacked any visible structure when it was observed under the low 
power binocular microscope. In a few instances, some lath-like structure 
was evident, but this was different from the structure exhibited by the 
Ca(NHij.)2(HP04)2*H20B identified in the soils discussed previously. The 
compound appeared to be stable, the quantity and physical nature changing 
little from 4 to 48 weeks. 
The X-ray diffraction pattern of the material from the soil incubated 
for 4, 16, or 48 weeks consisted of a broad peak of low intensity at ap­
proximately 32° 20. This peak was resolved into two peaks charac­
teristic of either CagH2(P0^ )g'5H20 or Ca2^ o(OH)2(POi^ )g. In addition to 
these two peaks, the sample from the 16-week incubation had a small peak 
at 4.75° 20 (equivalent to a d spacing of 18.6%), which is characteristic 
for CagH2(P0^ )6'5H20. Under the pétrographie microscope, the material was 
Table 18. Crystalline phosphates identified after incubation of dibasic ammonium phosphate with 
Harpster silty clay loams I and II and Darling Downs clay for 4, 16, and 48 weeks 
Distance 
from fer-
Reaction products identified 
pH of soil Species Relative amounts^  
tilizer 4 16 48 4 16 48 
source, cm. weeks weeks weeks weeks weeks weeks 
Harpster silty clay loam I (pH 7 .51) 
0-0.2 — - Ca(NH4)?(HP04)2-H20B + + + + 0 
CaHPO^ •2H2O 0 + + ++ 
0.2-1.0 6.75 7.00 6.21 Ca(NH4)2 (HPOiv) p '11203 T T 0 
CaHP04-2H20 T + 0 
Ca8H2(P04)6*5H20 T T T 
1.0-2.0 6.87 6.99 6.39 CaHP04*2H20 T T T 
2.0-3.0 6.99 6.80 6.28 CaHPO^ *2H20 T T ++ 
3.0-4.0 7.02 6.37 6.29 CaHP04'2H20 T T ++ 
4.0-5.0 7.08 5.91 6.17 C a H P O i ^ - 2 H 2 0  0 T T 
5.0-6.0 7.38 5.87 6.08 None 0 1 0 _  _ 0  
6.0-7.0 1 7.42 5.90 -[ 6.47 f t  0 0 0 
7.0-8.0 J 6.64 , 1  f t  0 0 0  
8.0-9.7 7.48 7.10 7.03 f t  0 0 0 
0-0 .2  
0 . 2 - 1 . 0  
1 . 0 - 2 . 0  
2.0-3.0 
3.0-4.0 
4.0-5.0 
5.0-6.0 
6.0-7.0 
7.0-8.0 
8.0-9.7 
7.08 
7.29 
7.32 
7.23 
7.34 
7.51 
7.44 
7.09 
7.11 
7.20 
6.98 
6.90 
7^ 7^.14 j 
7.22 7.44 
.77 
.79 
.89 
.10  
.00 
.19 
. 2 2  
Harpster silty clay loam II (pH 7.52) 
CagHgCPOyja'SH^ O 
Ca8H2(P0/|.)6*5H20 
None 
+++ 
T 
0 
0 
0 
_Q 
7 
7.26 
I f  
I f  
f l  
0 
0 
0 
0 
+++ 
0 
0 
0 
0 
0 
-0 
0 
0 
0 
+++ 
0 
0 
0 
0 
0 
& — 
0 
0 
0 
Table 18. (Continued) 
Distance Reaction products identified 
from fer­ pH of so il Species Relative amounts^  
tilizer 4 16 48 4 16 48 
source, cm. weeks weeks weeks weeks weeks weeks 
Darling Downs clay (pH 7.80) 
0-0.2 
— 
— CagH^ (P0i^ )g*5H20 + + + 
CaHPÔ4'2H20 T T T 
0.2-1,0 6.79 7.52 6.72 CaHP04'2H20 +++ +++ + + + 
MgNH^ PO^ • 6U2O ++ 0 0 
1.0-2.0 6.91 7.58 6.65 CaHP04'2H20 ++* +++ + + 
MgNH/jPO^ -6H2O ++ 0 0 
2.0-3.0 7.08 7.47 6.55 CaHPO^ /ZHgO + T + . 
MgNHitPO^ * 6H2O + + + T 
3.0-4.0 7.31 7.50 6.53 CaHP0i^ -2H20 T T T 
MgNH^ POi^ * 6H2O T T 0 
4.0-5.0 7.73 7.36 6.64 MgNH^ PO/i • 6H2O 0 T 0 
None 
—6 r 0 n 
5.0-6.0 7.81 7.43 6.81 f t  0 0 0 
6.0-7.0 
 ^7.73 7.50 -} 7.12 
I I  0 0 0 
7.0-8.0 7.50 - 1 1  0 0 0 
8.0-9.7 7.77 7.31 6.82 I I  0 0 0 
Figure 3. Photomicrographs of found in a column 
of Harpster silty clay loam I four weeks after addition of 
a band of dibasic ammonium phosphate at the end of the 
column. A. Granules of soil coated with Ca(NH4.)2CHP0^ )9*11206 
placed around a central granule from control soil that Éad 
not reacted with the fertilizer (XI6). Coated granules were 
from soil within 3 mm. of the fertilizer band. B. Crystals 
of Ca(NHij.)2(HP04)2 *11208 isolated from one of the granules in 
A (X 285). 
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B. 
Figure 4. Octacalcium phosphate found in a column of Harpster silty 
clay loam II four weeks after addition of a band of dibasic 
ammonium phosphate at the end of the column. A. Granules 
of soil coated with octacalcium phosphate placed around a 
central granule from control soil that had not reacted with 
the fertilizer (X16), Coated granules were from soil with­
in 3 mm. of the fertilizer band. B. Crystals of octacalcium 
phosphate isolated from one of the granules in A (X 250). 
100 
101 
observed as masses of very small irregularly shaped crystals which often 
merged into clusters of very thin, elongated, parallel crystals as shown 
in the photomicrograph in Figure 4. The characteristic X-ray diffraction 
peak at 4.75° 2Q exhibited by Ca8H2(POi,,)5• 5H2O arises from planes parallel 
to the platelike direction of the crystals, and the intensity of the peak 
would be expected to be low for very thin crystals (Brown et a]^ ., 1962). 
The average refractive index of the crystals was 1.58, which agrees 
with the data given for CagHgCPOyjG'^ H^ O by Lehr et £l. (1967) = 1.576, 
P = 1.583, y = 1.585). If the crystals had consisted of CagR2(PO4)g"5H2O 
interlayered with some Ca2^ Q(OH)2(PO/j.)g (Brown ^  > 1962), the observed 
refractive index should have been greater than 1.58 (in the case of 
Ca^ Q(OH.)2(PO/j.)5, CO = 1.647 and 6 = 1.640). In the light of these observa­
tions, the reaction product was considered to be only CagH2(P0^ )6'5H20' 
CaHP0i^ *2H20 was not found as a reaction product in Harpster silty 
clay loam II, probably because the pH was kept high by the action of the 
carbonate (21.7% as CaCOg) in neutralizing the acidity produced by the 
nitrification of 
CagH2(P0i|)g*5H20 was also identified as a reaction product in Darling 
Downs clay. The refractive index of the thin, elongated, blade-like 
crystals was 1.58, and the X-ray diffraction pattern of the compound ex­
hibited a broad peak at 32° 20. The CagH2(POij.)6*5H2O was found at 4, 16, 
and 48 weeks as a pinkish white coating on a few soil granules in the first 
few millimeters adjacent to the (NHij.)2HP0/^  source. In addition, a slight 
trace of CagH2(P0ij,)6*5H20 was observed under the pétrographie microscope 
to have formed on the surface of some of the CaHPO^ 'ZH^ O crystals precipi­
tated in the 0 to 0.2 cm. segment of soil. This CagH2(PO4)6"51I2O, how­
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ever, was probably formed by the hydrolysis of CaHPOi^ .*21120 and not by 
direct precipitation. 
Both CaHPO^ *2H20 and 6H2O precipitated in Darling Downs 
clay in a manner similar to that observed when NH4H2P0/J. was the added 
salt. The precipitation of these two reaction products (as well as that 
of CasH2(P04)5"5H.20) appeared to be essentially complete after 4 weeks. 
The MgNHi|POi|.*5H2O crystals slowly disappeared after 4 weeks. 
The amount of CaHPOi^ *2H20 decreased with distance from 0 to 4 cm., 
but little change was noticed from 4 to 48 weeks. It might be expected 
that the amount of this compound would increase with time as the pH de­
creased as a result of the transformation of to NOg". The 
CaHP04*2H20 crystals looked very similar to small MgNHi^ PO^ "^ôHgO crystals, 
and often they could be distinguished only by isolating them from the soil 
and determining their refractive index. It is conceivable, therefore, that 
the relative amount of CaHP0^ "2H20 could have been overestimated at both 
4 and 16 weeks in some segments. 
Although CaHPO^ /ZH^ O was identified as a prominent product of reac­
tion of 2IIPO4 with soil in this investigation, Lindsay et a_l. (1962) 
did not detect it as a precipitated crystalline phase in solutions of 
(NH/j.)2HP0i^  that had been allowed to react with an acid soil, an alkaline 
soil, and various soil components. Perhaps the difference in results is 
related to pH effects. In the investigation of Lindsay et al., the pH of 
the solution of (NH4)2RP0^ , which had reacted with soils and soil components 
ranged from 7.51 to 8.17 after 10 days and this range may have been too 
high to allow precipitation of CaHPOi^ *2H20. In the present investigation, 
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the pH values after 4 weeks were lower (5.58 to 6.99 in. the soil segments 
in which CaHPO^ 'ZHgO formed), presumably because of greater buffering by 
I 
the soil and greater microbial production of NOg" from 
Lindsay et al., however, did identify Ca(NH^ )^2(HPO^ )^2* 
HgOB, and CagH2(P0/;)5*5H20 as reaction products of and soil 
and soil components. When they added a small amount of CaCOg to a saturated • 
solution of (NHi^ )2HP0ij^ , Ca2(HPOq.)2"52*^  ^was formed; but, when large 
amounts of CaCOg were added, CagH2(P0^ )g*5H.20 was formed. These results 
agree with the observations in this thesis. CagH2(P02).)6'5H20 was found 
as a reaction product only in Harpster silty clay loam II containing car­
bonate equivalent to 21.7% CaCOg, whereas Ca(NHi^ )2(HP0i^ )2*H.20B was formed 
in all the remaining soils. These soils (including Harpster silty clay I 
with carbonate equivalent to 3.0% CaCOg) contained no CaCOg or signifi­
cantly less CaCOg than the Harpster silty clay loam II. Lindsay et al. 
identified MgNH4P0^ '6H20 as a reaction product of MgO or CaMg(003)2 and 
a saturated solution of (NH/^ ,)2HP0i^ . This reaction product was also ob­
served to form in extracts of an acid fine sandy loam which, like Darling 
Downs clay used in this thesis investigation, obviously contained a high 
amount of reactive magnesium. 
Analysis of the glass-fiber paper strips 
In a given soil column, the distance moved by the fertilizer phos­
phorus in the paper strip was found to be the same as the distance moved 
by the fertilizer phosphorus in the soil. Furthermore, the distances of 
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phosphorus movement were found to be essentially the same in columns with 
and without the paper strips. 
The use of the paper strips to facilitate the detection and identifi­
cation of the reaction products formed in soils achieved variable success. 
Table 19 shows the comparison of soil and paper strips in Webster silty 
clay loam with pH 7.71 at 16 weeks. The occurrence of a diffraction peak 
at 11.7° 20 provides a qualitative test for the presence of CaHP0/j.*2H20, 
and the relative heights of the peaks provide some indication of the rela­
tive amounts of the substance present. As indicated by the distances from 
the source at which CaHP0/|*2H20 was identified, microscopic analysis was 
more sensitive than X-ray analysis in detecting CaHPO^ 'ZH^ O in soil; how­
ever, there was little difference between the sensitivity of microscopic 
and X-ray analysis in the detection of this compound on the paper strip. 
The precipitation of GaHPOi^ * 2II2O on the paper strip appeared to mirror the 
precipitation of the compound in the soil because the precipitation zones 
(as determined by microscopic analysis) were of the same length on the 
paper strips as in the soil. The comparative sensitivities of direct 
microscopic examination of the soil, direct X-ray examination of the soil, 
microscopic examination of the paper strips, and X-ray examination of the 
paper strips were similar at 4 and 48 weeks with the Webster soil and at 
4, 16, and 48 weeks with all the other soils except Darling Downs clay. 
Nearly all the paper strips in the soil were torn into small pieces by the 
swelling pressures developed in this soil during wetting. 
One unanticipated advantage of the paper strips was that the strips 
gave some insight into the effect of the phosphate fertilizers on the soil 
Table 19. Distribution of crystalline phosphates in Webster silty clay loam and in glass-fiber 
paper strips in the soil after reaction of the soil with monobasic calcium phosphate 
monohydrate, monobasic ammonium phosphate, and dibasic ammonium phosphate for 16 weeks 
Analysis of soil 
Distance Crystalline phosphates identif ied Distance Crystalline phosphates identif ied 
from Species Relativea Height ofD from Species Micro­ Height of 
fertilizer amount by X-ray dif­ fertilizer scopic X-ray dif­
source, cm. microscopic fraction source,cm. analysis^  fract ion 
analysis peak- peak 
Ca (H2PO/J.) 2 •H2O „ , CaHPOn'ZHgO —— 0.5 * 7 
0-1 CaHPO^ -ZHgO +++ 31 1 . 0  CaHPO^'ZHgO * 14 
1 . 5  CaHP04'2H20 * 29 
1-2 CaHP04'2H20 ++ 6 2 . 0  CaHP0i^-2H20 * 26 
2 , 5  CaHPO^'ZHgO * 16 
2 - 3  CaHPO^'ZHgO + 0 3 . 0  CaHPO/^ ,- 2H2O * 2 
3 . 5  CaHPO^-2H20 * 0 
3-4 GaHPOi^-2H20 T 0 4 . 0  None 0 0 
4 . 5  fr 0 0 
4-5 CaHP04-2H20 0 0 5 . 0  •t 0 0 
NH4H2PO4 
0 . 5  CaHPO^'ZHgO * 20 1—1 1 o CaHPOi^*2H20 +++ 3 1 . 0  CaHP04'2H20 * 41 
1 . 5  CaHPO^'ZH^O * 29 
1-2 CaHPO^ '2H2O ++ 2 2 . 0  CaHPO^'2H20 * 32 
2 . 5  CaHPO^yZH^O * 40 
2 - 3  CaHPO^'ZHgO + 4 3 . 0  CaHPO^'ZHgO * 32 
3 . 5  CaHPOi^*2H20 * 14 
3-4 CaHPOij-21120 T 0 4 . 0  CaHPO^ 'ZH^ O * 3 
4 . 5  CaHP0^*2H2O * 0 
4-5 CaHPO^'ZHgO T 0 5 . 0  None 0 0 
5 . 5  II 0 0 
5 - 6  None 0 0 6 . 0  II 0 0 
"Walues are heights of the 11.7° 20 peak for CaHP04'2H20 in units of diffTactometer chart divisions, 
= present and 0 = none detected. 
Table 19. (Continued) 
Distance 
from 
fertilizer 
source, cm. 
Analysis of soil 
Crystalline phosphates identified 
Species Relative® Height of'' 
amount by X-ray dif-
microscopic fraction 
analysis peak 
Analysis of paper strip 
Distance Crystalline phosphates identified 
from Species Micro- Height of 
fertilizer scopic X-ray dif-
source,cm. analysis^  fraction 
peak 
(NHi^ )2HP0i^  
0.5 CaHPO^ 'ZHgO * 6 
0-1 CaHPO^ 'ZKgO + 0 1.0 CaHPO^ 'ZHgO * 4 
1.5 CaHPO^ 'ZH^ O * 3 
1-2 CaHPO^ 'ZHgO T 0 2.0 CaHPO^ '2H20 •K 4 
2.5 CaHPOy/ZHgO * 3 
2-3 CaHPO^ 'ZHgO T 0 3.0 CaHPO.'ZHgO * 2 
3.5 CaHPO^ 'ZHgO * 3 
3-4 CaHPO^ 'ZKgO ++ 0 4.0 CaHP04'2H20 * 2 
4.5 CaHP04'2H20 * 0 
4-5 CaHP04'2H20 T 0 5.0 None . * 0 
5.5 It * 0 
5-6 None 0 0 6.0 fi * 0 
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organic matter. Paper strips isolated from soils which had reacted with 
and (NH/4.)2HPOij. were irregularly stained brown from the end near 
the fertilizer source to the outer limit of phosphorus movement where the 
staining was most intense and had the appearance of a band. For a given 
fertilizer, the brown stain was the least intense with Norfolk loamy sand 
(0.41% organic carbon), and the most intense with Harpster silty clay loam 
I and II (4.16 and 4.13% organic carbon, respectively). In a given soil, 
there was often a tendency for the stain to be more intense with 
than with NH4HPO4. Figure 5 is a photograph showing the stain on a paper 
strip isolated from Harpster silty clay loam II which had reacted with 
NH4H2PO4 16 weeks. 
No brown stain of any description was found in the paper strips 
isolated from soils which had reacted with Ca(H2P0ij,)2*H20. It appears 
that the slightly acid solution of NH4H2PO4 and the alkaline solution of 
(NHij.)2HP0^  dissolved some of the organic matter in the soil near the fer­
tilizer. This organic matter was then precipitated at the outer margin 
of the precipitation of phosphate. The position of the organic matter 
band did not change from 4 to 48 weeks even though the fertilizer phos­
phorus continued to move out into the soil after 4 weeks. 
Presumably, the ammonium phosphate fertilizers solubilized some of 
the soil organic matter by reacting with cations, such as Ca, Fe, and Al, 
which were attached to exchange sites on the organic matter and which kept 
the latter flocculated. At a certain distance in the soil, the precipita­
tion of calcium and other phosphates ceased because of the reduction in 
the phosphate concentration in solution. At this point, the dispersed 
organic matter took up calcium and other flocculating cations (which could 
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Figure 5. Interaction of monobasic ammonium phosphate with Harpster 
silty clay loam II. Phosphate from the fertilizer placed ini­
tially at the bottom of the column was allowed to move upward 
into the soil for 16 weeks. The strip of glass-fiber paper 
shown in the center was present in the soil column during the 
period of interaction. The brown stain is due to organic 
matter solubilized by the fertilizer and then precipitated 
near the maximum distance of movement of the phosphate in 
the soil. The blue stain on the strip of paper at the left 
shows the location of the zones of high phosphorus concen­
tration in the soil as found at the end of the 16-week period. 
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no longer be removed by precipitation as phosphates) from the exchange 
complex of the soil. 
That the effect of and (NH^ )2HP0^  on the soil organic matter 
was not an artifact of the paper strip is verified by Figure 6. This 
figure contains photographs of 0.01 M CaCl2 extracts (1 part of soil to 
2 parts of CaCl2 solution) of Harpster silty clay loam I at different dis­
tances from sources of 03(112^ 0^ )2*1120, NH^ H2P0i^ , and (NH^ )2HP0j^  after 16 
weeks. The photographs indicate that (NHij^ )2HP0^  was more effective in 
solubilizing soil organic matter than NHi(.H2P0^ , whereas Ca(H2P04)2*H20 
did not appear to have any such effect. 
The general conclusions reached in the comparison of the findings made 
by examination of the glass-fiber paper inclusions and the soil were the 
following. For purposes of identification and characterization of the 
crystalline phosphates produced throughout the full range of phosphorus 
movement into the soil from the fertilizers, direct microscopic examination 
of the soil was preferable to microscopic examination of the paper inclu­
sions. To obtain a qualitative test for the presence of crystalline phos­
phates throughout the full range of phosphate movement into the soil, 
microscopic examinations of paper inclusions and soil were equally sensitive. 
Both were somewhat more sensitive than X-ray diffraction analysis of the 
paper, and this, in turn, was considerably more sensitive than X-ray dif­
fraction analysis of the soil. X-ray diffraction analysis of the paper 
inclusions was much more rapid than were the microscopic examinations. 
None of the methods showed definitely the presence of crystalline phos­
phates to the full distance of movement of phosphorus from the fertilizers 
into some of the soils. To show the location of the zone of organic matter 
Figure 6. Photographs of 0.01-molar calcium chloride extracts of samples 
taken different distances from a band of each of three phosphate 
fertilizers in columns of Harpster silty clay loam I sixteen 
weeks after addition of the fertilizers. A. Monobasic calcium 
phosphate monohydrate. From left to right, the tubes contain 
extracts from samples 0 to 1, 1 to 2, 2 to 3, 3 to 4, 4 to 5, 
and 5 to 9.7 cm. from the fertilizer band. The fertilizer 
phosphorus moved to a distance of 4.9 cm., and detectable quanti­
ties of dibasic calcium phosphate dihydrate extended to a dis­
tance of 3.0 cm. from the fertilizer band. B. Monobasic am­
monium phosphate. From left to right, the tubes contain ex­
tracts from samples 0 to 1, 1 to 2, ..., 7 to 8, and 8 to 9.7 
cm. from the fertilizer band. The fertilizer phosphorus 
moved to a distance of 5.6 cm., and detectable quantities of 
dibasic calcium phosphate dihydrate extended to a distance 
of 4.0 cm. from the source. C. Dibasic ammonium phosphate. 
From left to right, the tubes contain extracts from samples 
0 to 1, 1 to 2, ..., 7 to 8, and 8 to 9.7 cm. from the 
fertilizer band. The fertilizer phosphorus moved to a dis­
tance of 5.7 cm., and detectable quantities of dibasic calcium 
phosphate dihydrate extended to 5.0 cm. from the fertilizer 
band. 
Ill 
c.  
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precipitation, the glass fiber paper was valuable, and direct visual 
examination of most soils was not. An aqueous extract of the soil showed 
the location of the soluble organic matter, but in most instances direct 
visual examination of the soil did not. The paper was stained irregularly 
throughout the zone between the fertilizer and the terminal band in which 
staining was strong, providing some evidence for the zone of solubilization 
of organic matter. 
Analysis of CaCOg-coated slides 
Reaction with monobasic calcium phosphate monohydrate Table 20 
shows the reaction products formed in calcareous soils and on CaCOg-
coated slides in these soils during reaction with Ca(H2P04)2'H20 for 4, 
16, and 48 weeks. CaHfO^ 'ZKgO was the only reaction product identified on 
the slides and in the soils. 
The distance from the source of fertilizer phosphorus to which 
CaHPOij.-2H2O could be identified by microscopic examination was essentially 
the same on the CaCOg^ coated slides as in the soil. Microscopic analysis 
(using a magnification of 20) was more sensitive than X-ray diffraction 
analysis in detecting the presence of this compound in the soil. With the 
CaCOg-coated slides, however, the sensitivity of X-ray diffraction analysis 
in detecting the presence of CaHPO^ .' 21I2O was equal to or greater than that 
obtained using microscopic analysis. In many instances, it was difficult 
to determine the outer margin of the CaHPO^ 'ZH^ O precipitation on the slide 
with the microscope because the creamy-white clusters of phosphate crystals 
blended into the white background of the CaCOg on the slide. To estimate 
qualitatively the distribution of CaHPO/|.*2H20 in calcareous soils. X-ray 
ii; 
Table 20. Comparison of the crystalline phosphates formed in calcareous 
soils and on calcium carbonate-coated slides in calcareous soils 
that had been in contact with monobasic calcium phosphate mono-
hydrate for 4, 16, and 48 weeks 
Analysis of soil 
Distance Crystalline phosphates identified 
from fer- Species 
tilizer 
Microscopic analysis^  X-ray analysis^  
4 16 48 4 16 48 
source, cm. weeks weeks weeks weeks weeks weeks 
Norfolk loamy sand (pH 7.91, 9.1% CaCOg) 
0-1 CaHPO^ 'ZHgO * * * * * * 
1-2 CaHP04*2H20 * * * 0 * 0 
2-3 CaHP04*2H20 0 * 0 0 0 0 
3-4 None 0 0 0 . 0 0 0 
Lloyd clay loam (pH 7.51, 9.1% CaCOs) 
0-1 CaHPO^ 'ZHgO * * * * * * 
1-2 CaHPO^ 'ZHgO * * 0 0 0 0 
2-3 None 0 0 0 0 0 0 
Webster silty clay loam (pH 7.75, 9.1% CaCOg) 
0-1 CaHP04"2H20 * * * * * * 
1-2 CaHPO^ 'ZHjO * * * 0 0 0 
2-3 CallPO^  *21120 0 * 0 0 0 0 
3-4 None 0 0 0 0 0 0 
Harpster silty clay loam I (pH 7.51, 3.0% CaCOq equivalent) 
0-1 CaHPO^ 'ZHgO * * * * * * 
1-2 CaHPO^ 'ZH^ O * * * * 0 0 
2-3 CaHPO^ 'ZHgO * * * 0 0 0 
3-4 CaHPO^ 'ZHgO 0 * 0 0 0 0 
4-5 None 0 0 0 0 0 0 
= present and 0 = none. (Here and following tables.) 
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Analysis of CaCOg-coated slide 
Distance 
from fer-
Crystalline phosphates identified 
Species X-ray analysis 
tilizer 4 16 48 4 16 48 
source, cm. weeks weeks weeks weeks weeks weeks 
Norfolk loamy sand (pH 7.91 , 9.1% CaCOg) 
0.5 CaHPO^ 'ZHgO * * * * * * 
1.0 CaHPO^ 'ZKgO * * * * * * 
1.5 • CaHPO^ 'ZKgO * * * * * * 
2.0 CaHPO^ 'ZKgO * * 0 * * 0 
2.5 CaHP04.2H20 0 * 0 0 * 0 
3.0 CaHPO^ 'ZHgO 0 * 0 0 * 0 
3.5 None 0 0 0 0 0 0 
4.0 t T  0 0 0 0 0 0 
Lloyd clay loam (pH 7.51, 9.1% CaC03) 
0.5 CaHPO^ 'ZHgO * * * * * * 
1.0 CaHPO^ 'ZH^ O * * * * * * 
1.5 CaHPO^ 'ZHjO 0 * * * * * 
2.0 CaHP04'2H20 0 * 0 * * 0 
2.5 CaHP04'2H20 0 0 0 0 * 0 
3.0 None 0 0 0 0 0 0 
Webster silty clay loam (pH 7.75, 9.1% CaC03) 
0.5 CaHPO^ .ZHgO * * * * * * 
1.0 CaHPOi^ '2H20 * * * * * * 
1.5 CaHP04'2H20 * * * * * * 
2.0 CaHP04'2H20 0 * 0 0 * * 
2.5 CaHP04-2H20 0 0 0 0 * * 
3.0 None 0 0 0 0 0 0 
3.5 I t  0 0 0 0 0 0 
4.0 t f  0 0 0 0 0 0 
Harpster silty clay loam I (pH 7.51, 3.0% CaCOg equivalent) 
0.5 CaHPOy/ZH^ O * * * * * * 
1.0 CaHP04-2H20 * * * * * * 
1.5 CaHP04«2H20 • * * * * * * 
2.0 CaHP04"2H20 * * * * * * 
2.5 CaHP04-2H20 0 * * 0 * * 
3.0 CaHP04.2H20 0 * * 0 * * 
3.5 CaHP04«2H20 0 0 0 0 * 0 
4.0 CaHP04'2H20 0 0 0 0 * 0 
4.5 None 0 0 0 0 0 0 
5.0 f t  0 0 0 0 0 0 
Table 20. (Continued) 
Analysis o£ soil 
Distance Crystalline phosphates identified 
from fer- Species Microscopic analysis^  X-ray analysis^  
tilizer 4 16 48 4 15 48 
source, cm. weeks weeks weeks weeks weeks weeks 
Harpster silty clay loam II (pH 7.52, 21.7% CaCO^  equivalent) 
0-1 CaHPOi^ 'ZHgO * * * * * * 
1-2 CaHPOi^ *2H20 0 * 0 0 0 * 
2-3 None 0 0 0 0 0 0 
Darling Downs clay (pH 7.80, 4.0% CaCOg equivalent) 
0-1 CaHPO^ 'ZHgO * * * * * * 
1-2 CaHPO^ 'ZHgO * * * * 0 * 
2-3 CaHP04*2H20 0 * * 0 0 0 
3-4 None 0 0 0 0 0 0 
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Analysis of CaCO 3-coated slide 
'Distance Crystalline phosphates identified 
from fer Species Microscopic analysis X-ray analysis 
tilizer 4 15 48 4 16 48 
source, cm. weeks weeks weeks weeks weeks weeks 
Harpster silty clay loam II (pH 7 .52, 21.7% CaCOs equivalent) 
0.5 CaHfO^ - Z K g O  * * * * * * 
1.0 CaHPO^ 'ZHzO * * * * * * 
1.5 CaHP04*2H20 0 0 0 0 * * 
2.0 None 0 0 0 0 0 0 
2.5 1 *  0 0 0 . 0 0 0 
3.0 t t  0 0 0 0 0 0 
Darling Downs clay (pH 7.80 1, 4.0% CaCOi equivalent) 
0.5 CaHP04*2H20 * * * * * * 
1.0 CaHP04*2H20 * * * * * * 
1.5 CaHPO^ 'ZHgO * * * * * * 
2.0 CaHPO^ 'ZHgO * * * 0 * * 
2.5 CaHP04'2H20 0 0 0 0 * 0 
3.0 None 0 0 0 0 0 0 
3.5 t l  0 0 0 0 0 0 
4.0 t t  0 0 0 0 0 0 
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diffraction analysis of the slides seems to be the best of the methods 
tried. It proved to be as sensitive as microscopic analysis of the soils 
in detecting this compound, but it is faster and more convenient. 
Reaction with monobasic ammonium phosphate The reaction products 
identified in calcareous soils and on CaCO^ -coated slides in the soils 
that had been in contact with NH^ H^2P0i^  for 4, 16, and 48 weeks are shown 
in Table 21. CaHPOjij,*2H.2O was the only reaction product identified in most 
instances. It occurred both in the soil and on the CaCOg-coated slides. 
Both CaHPO^ /ZHgO and 6H2O were found in Darling Downs clay. These 
species occurred both in the soil and.on the slides. 
The precipitation of CaHPOij.*2H20 and MgNHi^ P0j^ *6H20 on the CaCOg-
coated slides appeared to mirror the precipitation of these compounds in 
the soil. X-ray analysis of the slides was about as sensitive as micro­
scopic analysis of the soil for determining the presence of a reaction 
product. 
Reaction with dibasic ammonium phosphate The reaction products 
identified in calcareous soils and on CaCOg-coated slides in the soils in 
which 2^ ^^ 4 was the reacting phosphate salt are shown in Table 22. 
In Norfolk loamy sand and Lloyd clay loam at 4 and 16 weeks, 
Ca(NH4)2(HP04)4-H20B was identified in the soil and on the slides to 
equal distances from the fertilizer source. At 48 weeks, a white powdery 
Table 21. Comparison of the crystalline phosphates formed in calcareous 
soils and on calcium carbonate-coated slides in calcareous 
soils that had been in contact with monobasic ammonium phos­
phate for 4, 16, and 48 weeks 
Analysis of soil 
Distance Crystalline phosphates identified 
from fer- Species Microscopic analysis* X-ray analysis* 
tilizer 4 16 48 4 16 48 
source, cm. weeks weeks weeks eeks weeks weeks 
Norfolk loamy sand (pH 7.91, 9.1% CaCOs) 
0-1 CaHPOy^ ZHgO * * * * * * 
1-2 CaHPO^ 'ZHgO 0 * 0 0 0 0 
2-3 None 0 0 0 0 0 0 
Lloyd clay loam (pH 7.51, 9.1% CaCOa) 
0-1 CaHP04-2H20 * * * * * * 
1-2 CaHPOi^ *2H20 0 * * 0 0 0 
2-3 CaHPO^ 'ZHgO 0 * 0 0 0 0 
3-4 None 0 0 0 0 0 0 
Webster silty clay loam (pH 7.71, 9.1% CaCOs) 
0-1 CaHP0^ «2H20 * * * * * * 
1-2 CaHP04'2H20 * * * 0 0 * 
2-3 CaHPO^ 'ZHgO * * * 0 0 0 
3-4 
3-4 CaHPO^ 'ZHgO 0 * 0 0 0 0 
4-5 None 0 0 0 0 0 . 0 
Harpster silty clay loam I (pH 7.51, 3.0% CaCOg equivalent) 
0-1 CaHPO^ 'ZHgO * * * * * * 
1-2 CaHP0i^ -2H20 * * * 0 0 * 
2-3 CaHPO^ 'ZHgO * * * 0 0 0 
3-4 CaHP04-2H20 * * * 0 0 0 
4-5 None 0 0 0 0 0 0 
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Analysis of CaCOg-coated slide 
Distance Crystalline phosphates identified 
from fer­ Species Microscopic analys is X-ray analys is 
tilizer 4 16 48 4 16 48 
source, cm, weeks weeks weeks weeks weeks weeks 
Norfolk loamy sand (pH 7. 91, 9.1% GaCOs) 
0.5 CaHPO^ 'ZH^ O * * * * * * 
1.0 CaHPOL-ZKgO * * * * * * 
1.5 CaHPO^ 'ZHgO * * * * * 0 
2.0 CaHPO^ 'ZHgO 0 0 0 0 * 0 
2.5 CaHPO^ 'ZKgO 0 0 0 0 * 0 
3.0 None 0 0 0 0 0 0 
Lloyd clay loam (pH 7.51, 9.1% CaCOs) 
0.5 CaHPO^ -ZHgO * * . • * * * * 
1.0 CaHPO^ -ZKgO * * * * * * 
1.5 CaHPO^ 'ZKgO 0 0 0 0 * * 
2.0 CaHPO^ .ZH^ O 0 0 0 0 * * 
2.5 None 0 0 0 0 0 0 
3.0 0 0 0 0 0 0 
2.5 t l  0 0 0 0 0 0 
4.0 I I  0 0 0 0 0 0 
Webster silty clay loam (pH 7. 71, 9.1% CaCOs) 
0.5 CaHPO^ -ZH^ O * * * * * * 
1.0 CaHPO^ 'ZKgO * * * * * * 
1.5 CaHPO^ 'ZKgO * 0 * * * * 
2.0 CaHPO^ 'ZHgO. * 0 * 0 * * 
2.5 CaHPO^ 'ZHgO * 0 * 0 * 0 
3.0 CaHP04-2H20 0 0 0 0 * 0 
3.5 None 0 0 0 0 0 0 
4.0 I t  0 0 0 0 0 0 
4.5 I I  0 0 0 0 0 0 
5.0 I I  0 0 0 0 0 0 
Harpster silty clay loam I (pH 7.5] ., 3.0% CaC03 equivalent) 
0.5 CaHPO^ 'ZH^ O * * * * * * 
1.0 CaHP04-2H20 * * * * * * 
1.5 CaHP04-2H20 * * * * * * 
2.0 CaHP04-2H20 *• * * * * * 
2.5 CaHPO^ 'ZHgO * * * * * * 
3.0 CaHP04-2H20 * * * * * * 
3.5 CaHPO^ 'ZHgO 0 0 0 0 * 0 
4.0 CaHP04-2H20 0 0 0 0 * 0 
4.5 None 0 0 0 0 0 0 
5.0 t l  0 0 0 0 0 0 • 
Table 21. (Continued) 
Analysis of soil 
Distance Crystalline phosphates identified 
from fer- Species Microscopic analysis^  X-ray analysis^  
tilizer 4 16 48 4 16 48 
source, cm. weeks weeks weeks weeks weeks weeks 
Harpster silty clay loam II (pH 7.52, 21.7% CaCOg equivalent) 
0-1 CaHPO^ 'ZHgO * * * * * * 
1-2 None 0 0 0 0 0 0 
Darling Downs clay (pH 7 
O
 
00 
4.0% CaCOs equivalent) 
0-1 CaHPO^ 'ZKgO * * * * * * 
MgNH^ PO^ -ôHgO * * * * * 0 
1-2 CaHPO^ -ZHgO * * * * * * 
MgNH4P04'6H20 * * * 0 * 0 
2-3 CaHP0i^ '2H20 * * * 0 0 * 
MgNH^ 'PO^ '&KgO . * * * 0 0 0 
3-4 CaHPO^ 'ZHgO * * 0 0 0 0 
4-5 None 0 0 0 0 0 0 
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Table 21. (Continued) 
Analysis of CaCOg-coated slide 
Distance Crystalline phosphates identified 
from fer- Species Microscopic analysis^  X-ray analysis^  
tilizer 4 16 48 4 16 48 
source, cm. weeks weeks weeks weeks weeks weeks 
Harpster silty clay loam II (pH 7.52, 21.7% CaCOg equivalent) 
0.5 CaHPO^ /ZHgO * * * * * * 
1.0 GaHP04-2H20 * * * * * * 
1.5 CaHP0i^ -2H2O 0 0 0 0 * 0 
2.0 None 0 0 0 0 0 . 0 
Darling Downs clay (pH 7 00
 
0
 
4.0% CaCOg equivalent) 
0.5 CaHPO^ -ZHgO * * * * * * 
MgNH^ PO^ - 6H2O * * 0 * * 0 
1.0 CaHP04-2H20 * * * * * * 
MgNH^ POiv. 6H2O * * * 0 * 0 
1.5 CaHPO^ 'ZHjO * * * * * * 
MgNH^ PO^ 'ZKgO * * 0 0 * 0 
2.0 CaHPO^ 'ZHgO • * * * * * * 
MgNH4P04-2H20 * * 0 0 * 0 
2.5 CaHP04-2H20 * * * 0 * * 
3.0 CaHPO^ 'ZHjO 0 0 * 0 0 * 
3.5 None 0 0 0 0 0 0 
4.0 It 0 0 0 0 0 0 
4.5 «1 0 0 . 0 0 0 0 
5 . 0  It 0 0 0 0 0 0 
Table 22. Comparison of the crystalline phosphates formed in calcareous 
soils and on calcium carbonate-coated slides in calcareous 
soils that had been in contact with dibasic ammonium phos­
phate for 4, 16, and 48 weeks 
Analysis of soil 
Distance Crystalline phosphates identified . 
from fer- Species Microscopic analysis* X-ray analysis* 
tilizer 4 16 48 4 16 48 
source, cm. weeks weeks weeks weeks weeks weeks 
Norfolk loamy sand (pH 7.91, 9.1% CaCOs) 
0-0.2 
0.2-1.0 
1.0-2.0 
Ca (NH^ ) 2 (HPOi^ ) 0 •H2OB 
CaHP0ii.-2H2O 
Ca(NHn)2(HPOk)g'H.OB 
CaHPoJ-'SHjO ^ 2 
None 
* 
0 
* 
0 
0 
* 
0 
* 
0 
0 
0 
* 
0 
* 
0 
* 
0 
0 
0 
0 
* 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2.0-3.0 0 0 0 0 0 0 
Lloyd clay loam (pH 7.75, 9.1% CaCOg) 
0-0.2 
0.2-1.0 
1.0-2.0 
Ca(NH4)2(HP04)2'H20B 
CaHPO^ 'ZHjO 
Ca CNH4)2(HPO4)2•H2OB 
CaHP04-2H20 
None 
* 
0 
* 
0 
0 
* 
0 
* 
0 
0 
* 
* 
* 
* 
0 
* 
0 
* 
0 
0 
* 
0 
* 
0 
0 
0 
* 
0 
0 
0 
Webster silty clay loam (pH 7.75, 9.1% CaCOs) 
0—0.2 Ca(NH4)2(HP04)2-H20B 
CaHPO^ 'ZHgO 
* 
0 
* 
* 
0 
* 
* 
0 
0 
* 
0 
0 
0.2-1.0 
1.0-2.0 
Ca(NHi^ )2(HP04)2H20B 
CaHPO^ .ZKgO 
None 
* 
0 
0 
* 
0 
0 
0 
* 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2.0-3.0 0 
Harpster silty clay loam I 
0 
(pH 7.51, 
0 0 0 0 
3.0% CaCOs equivalent) 
0-0.2 
0.2-1.0 
1.0-2.0 
Ca(NH4)2(HPO4)•H2OB 
CagHg (PO4) 5 • 51120 
CaHP04«2H20 
CaHP04'2H20 
Ca8H2(P04)6-5H20 
None 
* 
0 
0 
0 
0 
0 
0 
* 
* 
•k 
* 
0 
0 
0 
* 
0 
0 
0 
* 
0 
0 
0 
0 
0 
0 
0 
* 
0 
0 
0 
0 
0 
0 
0 
0 
0 
T^he compound formed may have been either Ca3H2 (P0i),)6»5H20 or 
Caio(OH)2(P04)6' 
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Analysis of CaCOs-coated slide 
Distance Crystalline phosphates identified 
from fer- Species Microscopic analysis^  X-ray analysis^  
tilizer 4 16 48 4 16 48 
source, cm. weeks weeks weeks weeks weeks weeks 
Norfoik loamy sand (pH 7.91, 9.1% CaCOs) 
0.2 Ca (NH^ ) 2 (HPO4) 2 "'H2OB * 0 0 * 0 0 
Ca8H2(P04)6'5H20 0 0 * 0 0 0 
0.5 Ca(NH4)2<HP04)2•H2OB * 0 0 * 0 0 
1.0 None 0 0 0 0 0 0 
1.5 I t  0 0 0 0 0 0 
2.0 I t  0 0 0 0 0 0 
2.5 t »  0 0 0 0 0 0 
Lloyd clay loam (pH 7 .75, 9.1% CaCOs) 
0.2 Ca(NH4)2(HP04)2'HjOB * * 0 * 0 0 
Ca8H2(P04)5-5H20 0 0 * 0 0 0 
0.5 Ca(NH4)2(HPO4)2•H2OB * * 0 * 0 0 
1.0 None 0 0 0 0 0 0 
1.5 II . 0 0 0 0 0 0 
Webster silty clay loam (pH 7.75, 9.1% CaCOs) 
0.2 Ca(NH4)2(HP04)2•H2OB * 0 0 * 0 0 
CaHP04-2H20 0 0 0 0 * 0 
CagH2(P04)6'5H20 0 * * 0 * 0 
0.5 b 0 0 0 0 0 * 0
 
1—1 
__b 0 0 0 0 0 * 
1.5 __b 0 0 0 0 0 * 
2.0 __b 0 0 0 0 0 * 
2.5 _-b 0 0 0 0 0 * 
3.0 None 0 0 0 0 0 0 
Harpster silty clay loam I (pH 7.51, 3.0% CaCOs equivalent) 
0.2 Ca8H2(P04)5.5H20 . * * 0 0 * 0 
0.5 None 0 0 0 0 0 0 
1.0 ti 0 0 0 0 0 0 
1.5 II 0 0 0 0 0 0 
2.0 II 0 0 0 0 0 0 
Table 22. (Continued) 
Analysis o£ soil 
Distance Crystalline phosphates identified 
from fer- Species Microscopic analysis^  X-ray analysis^ 
tilizer 4 16 48 4 16 48 
source, cm. weeks weeks weeks weeks weeks weeks 
Harpster silty clay loam II (pH 7 .52, 21,7% CaCOs equivalent) 
0-0.2 Ga8H2(P04)6*5H20 * * * * * * 
0.2-1.0 CagHaCPOyJe'SHgO * * 0 0 0 0 
1.0-2.0 None 0 0 0 0 0 0 
Darling Downs clay (pH 7.80, 4.0% CaCOg equivalent) 
0-0.2 CagH2(P04)6"5K20 * * * 0 * 0 
CaHP04.2H20 * * * * * * 
MgNH!tP04'6H20 * 0 0 * 0 0 
0.2-1.0 CaHPO^ .ZHgO * * * * * 0 
MgNHij.POij,* 6H2O * 0 0 * 0 0 
1.0-2.0 CaHP04'2H20 * * * * -• 0 
MgNH4P04-6H20 * * 0 * 0 
2.0-3.0 CaHP04-2H20 * * * * 0 
MgNH4P04'6H20 * * 0 * 0 
3.0-4.0 CaHP04.2H20 * 0 0 * 0 
MgNH^ PG^ » 6H2O * * 0 * - 0 
4.0-5.0 None 
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Analysis o£ CaCOg-coated slide 
Distance Crystalline phosphates identified 
from fer Species Microscopic analysis' ^ x-ray analysis^  
tilizer 4 16 48 4 16 48 
source. cm. weeks weeks weeks weeks weeks weeks 
Harpster silty clay loam II (pH 7.52 , 21.7% CaCOi equivalent) 
0.2 Ca8Ïl2 (POij.) g • 5H2O * * 0 0 * 0 
0.5 None 0 0 0 0 0 0 
1.0 II 0 0 0 0 0 0 
1,5 II 0 0 0 0 0 0 
2.0 11 0 0 0 0 0 0 
Darling Downs clay (pH 7.80, 4.0% CaC03 equivalent) 
0.2 CagH2 (POij.) 6 • 5H2O * * 0 0 0 0 
CaHP04*2H20 *' * 0 * * 0 
0.5 CaHP0i^ -2H20 * * 0 * * 0 
MgNHi^ POi^ -6H20 * 0 0 * 0 0 
1.0 CaHPOy/ZHgO * * 0 0 * 0 
MgNH^ PO^ 'ôHaO * 0 0 0 0 0 
b 0 0 * 0 0 * 
1.5 CaHPOi^ -2H20 * * 0 * * 0 
MgNH^ POk'&HgO * 0 0 0 0 0 
_ _ b  0 0 * 0 0 * 
2.0 CaHP04-2H20 * * 0 * * 0 
MgNH4P04'6H20 * 0 0 * * 0 
—b 0 0 * 0 0 * 
2.5 CaHP04-2H20 * 0 • 0 0 ' 0 0 
MgNHi^ P04-2H20 * * ' 0 0 * 0 
3.0 CaHP04"2H20 * 0 0 0 0 0 
MgNH4P04-2H20 * * 0 0 0 0 
3.5 None 0 0 0 0 0 0 
4.0 0 0 0 0 0 0 
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residue of Ga(NH4)2(HP04.)2'H.20B (most probably CaHPOij^ *21120) was observed 
microscopically in the soils but was difficult to detect on the white 
slides. A zone of 2 to 3 mm. of white lath-shaped structures was ob­
served at the ends of the slides nearest the (NH4)2HP0ij^  source. Under 
the pétrographie microscope, this material was observed to consist of 
masses of very thin elongated crystals having an average refractive index 
of 1.58, a description corresponding to that of This 
product was not found on the slides by X-ray analysis, and it was not 
found in the soil by either X-ray analysis or microscopic analysis. 
The reaction products formed in soil and on slides in Webster silty 
clay loam were similar to those observed with the Norfolk and Lloyd soils. 
At 4 weeks, a zone of Ca(NHi^ )2(HPOi(,)2*H20B was observed in the soil and 
on the slides within a distance of 2 to 3 mm. from the fertilizer source. 
At 16 and 48 weeks, a white powdery residue of this compound was found 
both in the soil and on the slide. The presence of CagH2(P0ij,)g*5H20 
on the first few millimeters of the end of the slide at 16 and 48 weeks 
was confirmed by pétrographie and X-ray analysis. This compound was not 
identified in the soil. At 48 weeks, a broad peak at about 32° 20 was 
observed in the X-ray diffraction patterns of the slide from 0.5 to 2.5 cm. 
from the fertilizer source. This peak could indicate the presence of 
either CagH2(P0i^ )g*5H20 or Ca2^ Q(OH)2(POf^ )5. Pétrographie analysis of 
samples isolated from the surface of the slide was inconclusive, perhaps 
because some of the soil organic matter solubilized by the (NH/^ )2HP0^ , 
had coated.the surface of the CaCOg. 
In Harpster silty clay loam I, CagH2(PO^ )5•5H2O was the only reaction 
product detected (by X-ray and microscopic analysis) on the slide whereas 
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in the soil Ca(M/(,)2(HP04)2*H20B and CaHPO|^ *2H20 were also identified. 
CagH2 (POij^ ) 5 • 5H2O was the only reaction product identified in Harpster 
silty clay loam II, the compound being found on the slide and in the soil 
for 2 to 3 mm. from the fertilizer source. 
The dominant reaction products in Darling Downs clay, CaHP0^ '2H20 and 
WigNH4P0|^ *6H20, were found on the slide and in the soil, the lengths of the 
precipitation zones in each case being the same. CagH2(P04)g*5H20 was 
identified by pétrographie analysis in the 2 mm. of the slide and soil 
adjacent to the fertilizer source. After 48 weeks, a broad peak at ap­
proximately 32° 20 was observed in the X-ray diffraction pattern of the 
slide at 1.0, 1.5, and 2.0 cm. from the source of (NH/^ )2HP04. This peak 
could indicate the presence of either CaQH2 (POi|) 5 * 5H20 or Ga-i^ Q(0H)2(P04)5. 
Pétrographie analysis of the slide in this region was hampered by precipi­
tated soil organic matter. 
In the treatments involving the reaction of Ca(H2P0i^ )2*H20 and 
NH4H2PO4 with calcareous soils, the reaction products precipitated on the 
CaCOg-coated slides were the same as those identified in the soil. When 
(NH4)2HP0^  was the added salt, however, CagH2(P0ij^ )g*5H20 was often identi­
fied on the slides but not in the soil. In Norfolk loamy sand, Lloyd clay 
loam, and Webster silty clay loam, CagH.2(P04)g*5H20 was identified as a 
reaction product on the slides at 16 and 48 weeks but not at 4 weeks. This 
compound was not detected in the soil at 4, 16, or 48 weeks'. The reason 
for this may have been that the CagH2(P0ij.)5* SHpO was covered by a layer 
of Ca(NHij,)2(HPO^ )^2"H2OB at 4 weeks, and that as the latter compound dis­
solved (it is more soluble than CagH2(P04)6*5H20) it exposed the underlying 
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CagH2(P0i(.)g*5H20. The precipitation of CagHgCPO^ jg'SHgO close to the 
surface of the CaCOg would be favored by the higher concentration of cal­
cium. It is also conceivable that CagH2(PO4)5 *5H2O formed as 
Ca(NHi^ )2(HP04)2*H20B dissolved. Lindsay e^  (1962) found that the ad­
dition of CaCOg to a saturated solution of (NH^ )^2HP0^  ^produced 
Ca(NH4)2(HP0/;)2*H20B which disappeared with time, resulting in the forma­
tion of CagH^ CPO^ jG'SHgO. 
Interprétât ion The use of CaCOg-coated slides to estimate quali­
tatively the distribution of crystalline phosphate species in calcareous 
soils was found to be a valid technique when the reacting fertilizer was 
Ga(H2P0i^ )2'H20 or The precipitation of phosphates on the slides 
appeared to mirror the precipitation of the compounds in the soil. X-ray 
diffraction of the slides was about as sensitive as microscopic analysis 
of soil in detecting the presence of a reaction product. 
The differences between the crystalline phosphate species identified 
by examination of the CaCOg-coated slides and soil indicate invalidity of 
the findings made on the slides as a reflection of the character of the 
crystalline phosphates formed when (NHi^ )2HP0i^  interacts with calcareous 
soils. In particular, CaHPO^ /ZHgO and Ca(NH^ )2(HPOi^ )2*H20B were occasion­
ally found in the soils but not on the slides. Failure to find a species 
on the slides that is identified in the soil is clearly a deficiency of 
the slide technique for providing information on species formed in soil. 
Identification of a species on the slides that is not found in the soils, 
however, is another matter. The species may not be present in the soil, 
in which case the appearance of the compound on the slide would be viewed 
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as an artifact. On the other hand, soils are not homogeneous, and, if the 
species found on the slide is one that might be expected to form on the 
surface of .carbonate particles in the soil, one may suspect the species is 
present in the soil but that it has not been identified. The slides pro­
vide a flat, uniform surface that can be examined by both microscopic 
and X-ray methods with little interference from substances other than car­
bonates. Because the species sometimes identified on the slides but not 
in the soil was Ca^ Hg 6 " ^ 2^ » which has a higher ratio of calcium to 
phosphorus than the two species found in soil but not on the slides, it 
seems reasonable to suspect that this species was present on carbonate 
particles in the soil even though it was not identified in an examination 
of the soil as a whole. Examination of CaCO^ -coated slides, therefore, 
may provide information on the character of crystalline phosphates formed 
in calcareous soil that supplements the findings made by direct examination 
of the soil. 
Analysis of CaCOg chips 
The reaction products identified on CaCOg chips isolated from cal­
careous soils which had reacted with Ca(H2P0i^ )2*H20, NH4H2PO4 and 
(NHii.)2HPOi4, are shown in Tables 23, 24, and 25, respectively. The reaction 
products identified in the soil were the same as those given in connection 
with CaCOg-coated slides (Tables 20, 21, and 22). For the purpose of 
comparing the reaction products identified on CaCOg chips with the products 
found in the soil, the position of the chips relative to the fertilizer 
source is given as follows. Chips 1, 2, and 3 extended from 0 to 1.5 cm., 
1.3 to 2.8 cm., and 2.6 to 4.1 cm., respectively, from the fertilizer 
source. 
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Reaction with monobasic calcium phosphate monohydrate The only 
reaction product identified on CaCOg chips isolated from calcareous 
soils which had reacted with Ca(H2P0/j^ )2*H20 was CaHP0i^ *2H20 (Table 23). 
This reaction product was observed on the CaCO^  chips only when it was 
also observed in the soil at the corresponding distance from the fertilizer 
source. 
Reaction with monobasic ammonium phosphate Table 24 shows the 
reaction products formed on CaCOg chips isolated from calcareous soils 
which had reacted with NH4H2PO4. In all soils, CaHPO^ *2H20 was identi­
fied by pétrographie and X-ray analysis on CaCOg chips and in the soil. 
Traces of CagH2(POz^ )g'5H2O were observed on crystals of CaHPOij.*2H20 
probed from the surface of the CaCOg chips isolated from each soil. Little 
evidence of CagH2(P0ij,)g-5H20 formation on CaHPO^ 'ZH^ O crystals isolated 
from the soil, was observed except possibly in the case of Harpster silty 
clay loam II, which contained more carbonate than any of the other soils 
(21.7% CaCOg equivalent). In Harpster silty clay loam II, Ca0H2(P04)g*5H20 
appeared to have formed on some CaHP0^ "2H20 crystals at 48 weeks, but 
the amount was so slight that a definite conclusion could not be made. 
In addition to CaHP04«2H20, MgNH4P04«6H20 was identified in the soil 
and on chips in Darling Downs clay. With time, the MgNHi^ P04*5H20 dis­
appeared. 
Reaction with dibasic ammonium phosphate The reaction products 
identified on CaCOg chips isolated from calcareous soils which had reacted 
with (NH/j,)2HP0^  are shown in Table 25. At 4 and 16 weeks, the reaction 
products on the chips were confined almost exclusively to the first 5 mm. 
Table 23. Crystalline phosphates identified on CaCOg chips isolated from calcareous soils which had 
been in contact with monobasic calcium phosphate monohydrate for 4, 16, and 48 weeks 
Numberb 
of Species 
chip 
Crystalline phosphates identified^  
Pétrographie analysis X-ray analysis 
4 
weeks 
16 
weeks 
48 
weeks 
4 
weeks 
16 
weeks 
48 
weeks 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
2 
1 
2 
3 
1 
2 
3 
Norfolk loamy sand (pH 7.91, 9.1% CaCOg) 
CaHPOi 
None 
•2H2O * * * 
0 0 0 
0 0 0 
Lloyd clay loam (pH 7.51, 9.1% CaCOg) 
CaHPO^ . 
CaHPO/i* 
None 
CaHPOiv 
CaHPO^  
None 
CaHP04' 
CaHPO^ . 
None 
CaHPO^  
None 
2H2O 
2H2O 
* 
* 
0 
* 
* 
0 
* 
0 
0 
* 
0 
0 
* 
0 
0 
Webster silty clay loam (pH 7.75, 9.1% CaCOj) 
2H2O 
2H2O 
* 
* 
0 
* 
* 
0 
* 
* 
0 
* 
* 
0 
* 
0 
0 
* 
* 
0 
* 
* 
0 
2H20 
2H20 
Harpster silty clay loam I (pH 7.51, 3.0% CaCOg equivalent) 
* 
0 
0 
* 
* 
0 
CaHPOit 
CaHPOi^  
None 
Harpster silty clay loam II (pH 7.52, 21.7% CaCO, equivalent) 
.2H2O * * * * * 
0 0 0 0 0 
0 0 0 0 0 
Darling Downs clay (pH 7.80, 4.0% CaCOg equivalent) 
'2H^ Ô 
.2H2O 
* 
* 
0 
* 
* 
0 
* 
* 
0 
* 
0 
0 
* 
0 
0 
* 
0 
0 
* 
0 
0 
* 
* 
0 
* 
* 
0 
* 
0 
0 
* 
0 
0 
= present and 0 = none detected 
b, The chips were arranged in an echelon, chip number 1 being closest to fertilizer source. 
Table 24. Crystalline phosphates identified on CaCOg chips isolated from calcareous soils which had 
been in contact with monobasic ammonium phosphate for 4, 16, and 48 weeks 
Crystalline phosphates identified^  
Number^  
of 
chip 
Species 4 
weeks 
Pétrographie analysis 
16 
weeks 
48 
weeks 
4 
weeks 
X-ray analysis 
16 
weeks 
48 
weeks 
2 
3 
Norfolk loamy sand (pH 7.91, 9.1% CaCOg) 
CaHPOk'ZH-O 
None 
* 
0 
0 
0 
* 
T 
0 
0 
* 
T 
0 
0 
* 
0 
0 
0 
înloyd clay loam (pH 7.51, 9.1% CaCOs) 
* 
0 
0 
0 
* 
0 
0 
0 
2 
3 
1 
2 
3 
1 
2 
3 
CaHP04«2H20 
CagHg(PO4 
None 
)6-5H20 
CaHPO^ 'ZHgO 
CagH2 (P0ij.)6" 5H2O 
CaHP04-2H20 
Ca8H2<P04)6'5H20 
None 
CaHPOi^ -2H20 
Ca8H2(P04)6'5H20 
CaHP04-2H20 
CagH2 (POij)6*5H20 
None 
* * * * * * 
0 T T 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
Webster silty clay loam (pH 7.71 , 9.1% CaC03) 
* * * * * * 
0 T T 0 0 0 
* * * 0 0 0 
0 T T 0 0 0 
0 0 0 0 0 0 
Harpster silty clay loam I (pH 7 .51, 3.0% CaCOg equivalent) 
* * * * * * 
0 T T 0 0 0 
* * * * * * 
0 T T 0 0 0 
0 0 0 0 0 0 
= present and 0 = none detected. 
T^he chips were arranged in an echelon, chip number 1 being closest to fertilizer source. 
Table 24. (Continued) 
Crystalline phosphates identified^  
Numberb Pétrographie analysis X-ray analysis 
of Species 4 16 48 4 16 48 
chip weeks weeks weeks weeks weeks weeks 
Harpster silty clay loam II (pH 7.52, 21.7% CaCOg equivalent) 
1 CaHPOn'ZHgO * * * * * * 
Ca8H2(P04)6'5H20 0 T T 0 0 0 
2 None 0 0 0 0 0 0 
3 "  0 0 0  0 0 0  
Darling Downs clay (pH 7.80, 4-0% CaCOg equivalent) 
1 CaHPO/^ .2H20 * * * * * * 
MgNH^ PO^ .ôHgO * * * * * 0 
Ca8H2(P04)6«5H20 0 T T 
2 CaHPO^ .ZHgO * * * * * * 
MgNH4P04'6H20 * * 0 * 0 0 
CagH2(P04)6'5H20 0 T T 0 * * 
3 None 0 0 0 0 0.0
Table 25. Crystalline phosphates identified on CaCO^  chips isolated from calcareous soils which 
had been in contact with dibasic ammonium phosphate for 4, 16, and 48 weeks 
Number^  
of 
chip 
Crystalline phosphates identified^  
Species 
Pétrographie analysis X-ray analysis 
4 
weeks 
16 
weeks 
48 
weeks 
4 
weeks 
16 
weeks 
48 
weeks 
2 
3 
2 
3 
2 
3 
2 
3 
Norfolk loamy sand (pH 7.91, 9.1% CaCOg) 
Ca (HP04)2 •H2OB 
GagH2(P04)6'5H20 
None 
* 0 0 
0 * * 
0 0 0 
GO 0 
liloyd clay loam (pH 7.51, 9.1% CaCOs) 
0 
0 
0 
0 
CaCNH4)2(HP0/|)2 *H20B 
CagH2 (POij.)g • 5H2O 
CagH2(PO4)6 * 5H2O 
None 
Webster silty clay loam (pH 7.71, 9.1% CaCOg) 
Ca(NH4)2(HP04)2-H20B * 0 0 0 
* 
0 
0 
0 
* 
* 
0 
0 
* 
* 
0 
0 
* 
0 
0 
0 
GagH2(P0i|)6»5H20 0 
None 0 
" 0 
* 
0 
0 
* 
0 
0 
0 
0 
0 
Harpster silty clay loam I (pH 7.51, 3.0% CaCOg equivalent) 
Ca(NH4)2(HP04)2"H20B * 5 6 6 
GagH2(P04)6'5H20 * * * 0 
CagH2(POz|)6*5U20 0 0 0 0 
None 0 0 0 0 
0 
* 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
* 
0 
0 
0 
c 
0 
0 
0 
G 
C 
0 
0 
C 
0 
0 
0 
C 
c 
0 
= present, 0 = none detected, C means compound formed may have been either CagH2(PO^ )^ •5H2O 
or Cai0(OH)2CPO4)6« 
T^he chips were arranged in an echelon, chip number 1 being closest to fertilizer source. 
Table 25. (Continued) 
Crystalline phosphates identified^  
Number Pétrographie analysis X-ray analysis 
of Species 4 16 48 4 16 48 
chip weeks weeks weeks weeks weeks weeks 
Harpster silty clay loam II (pH 7.52, 21.7% CaCOg equivalent) 
1 Ca8H2(P0iv)6*5H20 * * 0 * 0 C 
2 None 0 0 0 0 0 0 
3  "  0 0 0  0 0 0  
Darling Downs clay (pH 7.80, 4.0% CaCO^  equivalent) 
1 CagHg (904)5.5H2O * * * * 0 G 
2 None 0 0 0 0 0 0 
3  "  0  0  0  0 0 0  
136 
of the chip nearest the fertilizer source. Similarly, in each soil, the 
reaction products identified occurred in the 0 to 5 mm. zone nearest 
the fertilizer. 
In Norfolk loamy sand, Lloyd clay loam, and Webster silty clay loam, 
Ca(NHi^ )2CHPOi^ )2*H20B was identified on the chips and in the soil at 4 
weeks. (The extensive precipitation of this compound on the CaCO^  chip 
isolated from Lloyd clay loam is shown in Figure 7.) With time, the 
Ca(NHij^ )2(HP0ij^ )2*H20B on the chips apparently dissolved, and, at 16 and 48 
weeks, CagH2(P0/).)g«5H20 was identified in the region previously occupied by 
Ca(NH4)2(HP0ij.)2*H.20B. It is uncertain whether the CagH2(PO^ )g*5H20 had 
been formed underneath the Ca(NHi^ )2(HPOi^ )2'H20B (the macroscopic features 
Of these compounds are similar) or whether it had formed as the latter 
compound dissolved. The Ca(NH^ )^2(HP0^ ,)2"initially identified in the 
soil at 4 weeks also dissolved with time, but no CagH2(^ 04)^ "5H2O was 
observed at 16 or 48*weeks. 
In Harp s ter silty clay loam I at 4 weeks, Cagll2 (PO^ ).) g » 5H2O was identi­
fied as white blade-like crystals on the first chip on the plane facing 
the fertilizer source, whereas white lathlike crystals of Ca(NH^ )2(HPO^ )2" 
H2OB were observed for 2 to 3 mm. along the sides of the chip. At 16 and 
48 weeks, the latter compound had disappeared, but the former compound per­
sisted. Ca(NH£^ )2(^ 0^4)2*^ 2OB was the only reaction product identified in 
the soil. 
CagH2(PO^ )6'5H2O was identified in the soil and on the CaCOg chips in 
Harpster silty clay loam II and Darling Downs clay. In each case, the com­
pound occurred on the first chip on the plane facing the fertilizer source. 
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Figure 7. Ga(NH^ )2 (HPO^ )^« 'HgOB found on a calcium carbonate chip in a 
column of Lloyd ciay loam 4 weeks after addition of a band 
of dibasic ammonium phosphate. The crystals are evident 
only on the end of the chip nearest the fertilizer. Scale 
divisions on the left are 1 mm. each. 
138 
Figure 8 is a photograph showing the formation of CagH2 (POi^ ) g • 5H2O 
on the chip isolated from Harpster silty clay loam II after 16 weeks. 
Most of the previous discussion has revolved around the reaction pro­
ducts formed on the portion of the first chip closest to the (NH^ )2HP02j^  
source. At 48 weeks, however, some evidence was obtained in all soils for 
formation of a reaction product over a large portion of the first chip and 
often the second chip. X-ray diffraction analysis of the larger surfaces 
of the chips from all soils at 4 and 16 weeks did not detect any reaction 
product. (The GagH2 (POz,.) g « 5H2O and Ca(NHij.)2(HPOi^ )2 *11206 formed on the 
edges of the chip nearest the fertilizer source were identified by 
scraping off the compounds and X-raying them on a glass microscope slide.) 
At 48 weeks, the X-ray diffraction patterns of the larger surfaces of the 
chips revealed a broad peak at approximately 32° 20, similar to that ob- . 
served in the X-ray analysis of CaCO^ -coated slides at 48 weeks. This peak 
could be due to either CagH2(P0ij,)g*5H20 or Ca^ o(OH)2(POij,)g. Microscopic 
analysis (X20) of the portions of the chips giving rise to this X-ray dif­
fraction peak did not reveal the presence of a precipitate on the CaCOg 
surface. Pétrographie analyses of samples' isolated from these areas were 
inconclusive perhaps due to the presence of precipitated soil organic 
matter. No peak at 32° 20 was observed in X-ray diffraction patterns of 
corresponding soil segments at 48 weeks. 
Interpretation The interpretation of findings made with the chips 
of CaCOg embedded in the soil is similar to the interpretation made pre­
viously of the results obtained with the CaCOg-coated slides. The use of 
CaCOg chips to determine the nature of the crystalline phosphate species in 
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Figure 8. Octacalcium phosphate found on a calcium carbonate chip in 
a column of Harpster silty clay loam II sixteen weeks after 
addition of a band of dibasic ammonium phosphate (X/3J). The 
chip was positioned 0 to 1.5 cm. from the band, and the 
octacalcium phosphate was found only on approximately 2 mm. 
of the end of the chip nearest the fertilizer. 
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calcareous soils-that had reacted with Ca(H2P0ij.)2*H20 and NH4H2PO4 ap­
peared to be a valid technique in that the phosphate species identified on. 
the CaCOg chips and in the soil were the same. 
In the instances where (NHi).)2HP0i^  was the added fertilizer, 
^^ 8^ 2(^ 4^)6'^ 2^^  was often identified on CaCO^  chips when this compound 
was not identified in the soil. The surface of the CaCOg seemed to provide 
a high-calcium environment that favored formation of CagH2(PO4)g « 5H2O « In 
at least one instance, CaHP0/^ '2H20, a compound with a low ratio of calcium 
to phosphorus, was found in the soil but was not detected on the CaCOg 
chips. Examination of CaCOg chips embedded in calcareous soil thus cannot 
substitute for examination of the soil. 
Examination of the CaCO^  chips would seem to supplement the examina­
tion of the soil by showing the phosphates that might form on carbonate 
surfaces in soil. The validity of this inference, however, remains to be 
determined. Much of the CaCOg in some calcareous soils is finely divided 
and is present in a matrix of noncarbonate material. Conditions at the sur­
face of this naturally occurring CaCOg may be sufficiently different from 
those presented by an extensive surface that is all CaCOg to prevent the 
formation of CagH2(PO^ )^5•5H2O often observed on the CaCOg-coated slides and 
CaCOg chips that are not detected in the adjacent soil, therefore, might 
be formed on naturally occurring soil carbonate only if the particles are 
above some critical size. 
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SUMMARY AND CONCMJSIONS 
The objectives of the work described in Part I of this dissertation 
were (a) to develop techniques for direct identification of crystalline 
phosphates produced in slightly acid and alkaline soils treated with soluble 
phosphate fertilizers ard (b) to use these techniques to determine the 
effect of various factors on the nature and transformations of the crystal­
line phosphates formed in the initial reaction between fertilizer and soil. 
The most sensitive and direct technique used for the detection and 
identification of crystalline reaction products was.that involving pétro­
graphie and X-ray diffraction analysis of crystals which had been isolated 
from the soil with the aid of a low-power microscope. 
The use of glass-fiber paper strips to facilitate the detection and 
identification of reaction products in soil appeared to be a valid tech­
nique in" that the precipitation of a reaction product in the paper strips 
mirrored the precipitation of the product in the soil. X-ray diffraction 
analysis of the paper strips was far more sensitive than X-ray diffraction 
analysis of the soil in detecting the presence of a reaction product. 
Furthermore, analysis of the paper strips by X-ray diffraction was almost 
as sensitive as microscopic analysis of the soil but had the advantages 
of speed and convenience. The paper strips had an additional advantage of 
providing visual evidence of the effect of NHi^ H2P04 and (NHij.)in dis­
persing soil organic matter. 
In calcareous soils, Cagll2 (PO^ ) g » 5H2O often formed on the surface of 
inclusions of CaCOg-coated slides and CaCOg chips but was not always de­
tected in the soil. The CaCOg inclusions thus may provide supplemental 
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information on reaction products that form on the surface of native soil 
carbonate. 
In the portion of the work on factors affecting the nature and trans.-
formations of crystalline phosphates formed in soils from interaction with 
phosphate fertilizers, a layer of Ca(H2P0ij.)2*H20, or (NH4)2HP04 
was placed at one,end of a column of soil that was kept moist continuously. 
Various soils were used, some with various treatments. The columns were 
examined for crystalline phosphates after 4, 16, and 48 weeks of incubation, 
in most instances at 25°C. 
In columns treated with Ca(H2P0/|)2*H20 at 25°C., a residue of 
CaHPOi^ *2H20 with a minor amount of CaHPOij. was found at the site of the fer­
tilizer at the end of 4 weeks. The ratio of CaHP0i),*2H20 to CaHPOij, decreased 
from 4 to 48 weeks, at which time CaHPO^ j, had become the major phase in 
most soils. The transformation of the dihydrate to the anhydrous form ap­
peared to be slower in soils with a high content of reactive calcium than 
in those with a low content. At 35°C. the residue was essentially all 
CaHPOi^  at 4, 16, and 48 weeks. 
The only reaction product identified in soils which had reacted with 
Ca(52^ 04)2was CaHP04*2H20. The precipitation of this product appeared 
to be essentially complete in 4 weeks, and little change in the amount and 
distribution of the product was observed from 4 to 48 weeks, even though 
the fertilizer phosphorus continued to diffuse into previously uncontacted 
soil. The amount of CaHP04»2H20 formed in the soils increased with the 
amount of reactive calcium in the exchangeable and carbonate forms. The 
amount and distribution of CaHP0/j.'2H2O in Webster silty clay loam were 
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essentially the same at 25°G. and 35°C. 
With one exception, CaHPOi{.*2H20 was the only reaction product identi­
fied in soils which had reacted with NHijH2P04. The precipitation of 
CaEP0^ '2H20 in all soils appeared to be complete in 4 weeks because very 
little change in the amount and distribution of the compound was observed 
from 4 to 48 weeks. The relationship between the quantity of CaHPO^ '^lHgO 
precipitated and the amount of reactive calcium in exchangeable and car­
bonate forms in the soil was more pronounced than in the Ca(H2P0:^ )2"H2^  
treatments. In Webster silty clay loam, little difference was observed in 
the precipitation of CaHPOi(.*2H20 at 250C. and 35°C. 
In Darling Downs clay, which contained more reactive magnesium than 
the other soils, MgNH^ P0^ ."6H20 was found in addition to CaHP0i^ *2H20. The 
precipitation of this compound was essentially complete at 4 weeks, and 
the quantity of the compound decreased thereafter, until at 48 weeks, only 
a trace remained. The transformation product observed on the residual 
MgNHi,.POi^ -6H20 crystals at 48 weeks appeared to be Mg3CP04)2*22H20. 
In soils which had reacted with (Nll/j.)2HP0ij., the reaction products 
identified were Ca(NH4)2(HPOij.)2*H20B, CagH2(P0/|)g*5H20, CaHP0ij.*2H20, and 
MgNHi|P04-61120. Ca(NH/^ .)2 (HPO/;.) 2 and CagH2 (PO^ ,) g " 5^ 20 were detected 
as initial reaction products only in the few millimeters of soil first con­
tacted by the concentrated fertilizer solution. The precipitation zones 
of CaHPOi(,*2H20 and %NHi;.P04"6H20 were more extensive, extending several 
centimeters away from the fertilizer source. 
In all.soils except Harpster silty clay loam II and Darling Downs clay, 
'Ca(NH^ )2(HP0i^ )2*11203 was identified as a reaction product after 4 weeks, 
the quantity increasing with the amount of reactive calcium in the soil. 
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This product was unstable and had essentially disappeared by the end of 16 
weeks, leaving a residue of CaHPO^ 'ZHgO» In Webster silty clay loam, the 
quantity of Ca(NH4)2(HP0i^ )2*11208 precipitated was less at 35°C. than at 
25°C. CagH2(P0/;)6*5H20 was identified after 4 weeks in Harpster silty clay 
loam II, presumably because of the very high content of reactive calcium in 
this soil (21.7% CaCOg equivalent). The same phosphate was also identified 
on the surface of CaCO^ -coated slides and CaCOg chips in all soils. Seem­
ingly therefore, Ca(NHi;)2(llP0i^ )2 *11203 was the dominant reaction product be­
low a certain concentration of reactive calcium, and Cagll2 (PO:^ ) g - 51I2O 
was the dominant product above it. 
CaHPOij.*2H20 was found as an initial reaction product only in Webster 
silty clay loam, Harpster silty clay loam I, and Darling Downs clay. In 
samples of Webster silty clay loam adjusted to various pH values, the amount 
of CaHP04-2H20 precipitated in the soil decreased with an increase in ini­
tial pH, and increased with time. Apparently the precipitation of this 
compound was not favored by the environment encountered when the alkaline 
(NH^ )2llP04 solution first reacted with the soil. With the passage of time, 
the microbial conversion of NH/j,'*' to NOg" caused the pH to drop, and more 
CaHPO/j.*2H20 was formed. There was little or no difference in the precipi­
tation of CaHP0/j.*2H20 in Webster silty clay loam at 25°C. and 35°C. 
CaHP0^ '2H20 was not found in Harpster silty clay loam II and the calcareous 
samples of Norfolk loamy sand and Moyd clay loam, presumably because the 
pH was too high, whereas the absence of this compound from noncalcareous 
samples of the Norfolk and Lloyd soils was probably due to their low content 
of exchangeable calcium. 
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MgNlli^ P0i^ *6H20 was identified after 4 weeks in Darling Downs clay 
treated with. (Nll^ )2HP0^ . The compound dissolved with the passage of time, 
and at 48 weeks only traces of the compound remained. 
146 
PART II. TRANSFORMATIONS OF DIBASIC CALCIUM PHOSPHATE DIHYDRATE AND 
OCTACALCIUM PHOSPHATE ADDED TO SLIGHTLY ACID AND ALKALINE 
SOILS 
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MATERIALS, APPARATUS, AND METHODS 
Materials 
Soils 
The soils used in. this investigation were the same as those used in 
Part I. Certain physical and chemical properties of these soils are 
shown in Table 2 and Table 3, respectively. Three additional soil treat­
ments, however, were added in this investigation. These treatments in­
volved the addition of calcium fluoride (CaF2)j magnesium chloride hexa-
hydrate (MgClg-GHgO), and a calcium pyrophosphate (CaH2P207) to selected 
soils. 
Sufficient CaF2 to supply 0.1% fluoride by weight was added to samples 
of the Norfolk loamy sand adjusted to pH values of 6.41, 7.91, and 8.70 
and to samples of Webster silt.y clay loam adjusted to pH values of 6.53 
and 7.71. [The fluoride content of soils ranges from 0.001% to 0.1% by 
weight (Mitchell, 1964).] The reagent grade CaF2 was mixed with the soils 
in a manner similar to that described previously for CaO. 
MgCl2'6H20 was added to a sample of the Norfolk loamy sand with a pH 
of 7.91 and to a sample of the Webster silty clay loam with a pH of 7.71. 
The number of milliequivalents of magnesium added per 100 g. of each soil 
was equal to the cation exchange capacity of that soil in milliequivalents 
per 100 g. 
The pyrophosphate treatments involved the addition of 0.5 g. of 
CaH2P207 per 100 g. of soil to the Norfolk loamy sand (pH 7.91) and Webster 
silty clay loam (pH 7.71). 
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Phosphates 
CaHPOii* Z&gO This phosphate was prepared by the method of ^ oreno 
et al. (196Ca)because commercial preparations contain variable amounts of 
CaHPOii,. • Approximately 1 liter of metastable triple-point solution was 
prepared by adding 140 ml. of deionized water to 200 g. of Ga(H2P0i^)2*H20 
in each of eight 250 ml. erlenmeyer flasks and shaking the mixture for 3 
hours. The metastable triple-point solution was collected by filtering 
the suspension through a Whatman 42 filter paper under suction. A current 
of ammonia was passed through the filtered solution to raise the pH and 
precipitate the CaHPO^/ZH^O. The precipitate was washed by successive 
quick sedimentations until the pH of the supernatant liquid increased to 
approximately 6.2. The CaHPOij,*2H20 was then transferred to a sintered 
glass funnel, washed ten times with acetone,-and dried under moderate 
suction for about 30 minutes. Each batch of phosphate was checked by X-ray 
and pétrographie analysis. Both analyses indicated CaHPO^/ZH^O to be the 
only compound present. The salt was sieved, and the 105- to 210-micron 
size fraction was collected and stored in a refrigerator until needed. 
This size fraction was used for the preparation of CagH2CP04)g*5H20 
and for the experiments involving the addition of CaHP0^'2H20 to soils. 
Ca8H2(PO4)5•5H20 This phosphate was prepared by the slow hydroly­
sis of CaHP0iv2H20 in a 0.5M solution of sodium acetate as. basically de­
scribed by Brown et_a^. (1957). Additional details of this method of 
preparation were supplied by Lehr.^ Five grams of CaHPO^"2H2O were 
^Lehr, J.R., Fundamental Research Branch, Tennessee Valley Authority. 
Preparation of octacalcium phosphate. Private communication. 1966. 
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placed in a cylindrical 4 oz. sample bottle, and 100 ml. of 0.5M sodium 
acetate buffer were added. The bottle was placed in a water bath at 35°C. 
to a depth of about 2.5 cm. The slight thermal gradient in the solution 
column provided convection stirring. The mixture was equilibrated 3 to 4 
days, during which time CaHPOi^*2H20 dissolved and CagH2(P04)5*5H20 slowly 
precipitated as a surface crust until the pH dropped to about 6.2. The 
supernatant solution was then carefully decanted and replaced by fresh 
buffer solution, and the process was repeated four to five times. 
The CagH^CPOy^g'SH^O was crushed, filtered, and washed to remove 
residual sodium acetate by resuspending the salt in approximately. 4 liters 
of deionized water and stirring the mixture overnight. The suspension was 
filtered through a sintered glass funnel, washed thoroughly with acetone, 
a n d  d r i e d  u n d e r  a  m o d e r a t e  v a c u u m .  X - r a y  a n a l y s i s  s h o w e d  C a g H 2 ^ ' 5 H . 2 0  
to be the only phase present. . Pétrographie analysis showed the presence 
of a slight trace of CaHPO^'ZH^O. 
CaH2P207 This compound was prepared by the method described by 
Lehr al• (1967). A 250 ml. volume of rèagent grade 85% orthophosphoric 
acid was heated rapidly to 210°G. with vigorous stirring. 
Ca(H2P0£j,)2'H20 was added at a rate of approximately 1 g. per minute until 
the first crystals of €8112^2^7 appeared; thereafter the rate of addition of 
Ca(H2P04)2*H20 was decreased to about 0.2 g. per minute and continued un­
til a relatively thick suspension of solids was obtained. The hot mixture 
was filtered immediately by suction on a fritted-glass filter. When 
cool, the crystals were thoroughly washed with acetone and air dried. 
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Miscellaneous 
The glass-fiber filter paper used to prepare the envelopes contain­
ing CaHP0^*2H20 and CagH2(P04)g*5H20 was Whatman brand, number GF-81. 
This paper had a weight of 53 g. per and a thickness of 0.25 mm. 
The polyethylene film used as a seal on the soil columns in this in­
vestigation was the same as that used in Part I and is described therein. 
The certified refractive index liquids employed were described in 
Part I. 
Apparatus 
Plexiglas columns 
The units constructed to contain the soil-phosphate system under in­
vestigation were basically the same as those used in Part I and are de­
scribed therein. The columns used in this investigation, however, were 
different from those used in Part I in that both end plates of each col­
umn had a central hole 2.54 cm. in diameter. As in Part I, one end plate 
was not sealed onto the column until after the latter had been filled 
with soil. 
Miscellaneous 
The binocular and pétrographie microscopes and X-ray diffraction unit 
used in this investigation were described in. Part I. 
A Perkin-Elmer Model 303 atomic absorption spectrophotometer was used 
for the determination of calcium in the acid digests of the calcium phos­
phates isolated from soils. 
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Methods 
To determine whether the sequence CaHPO^^" 2K2O —> CagH2 (POi;)g • 5H2O—f 
Ca^o(OH)2(PO^)g that seems to occur vitro occurs also in soil, 
and to obtain quantitative data on the extent of the transformations, 
CaHP04-2H20 and GagH^CPO^OG'SH^O were incubated in soil under different 
conditions. To ensure that the residues could be isolated for determina­
tion of calcium and phosphorus without contamination by soil particles, 
the phosphate salts were enclosed in envelopes of glass-fiber filter 
paper. To determine whether the alterations that occurred in the phos­
phate salts in the envelopes were similar to those that occurred in the 
same salts in direct contact with the soil, X-ray and pétrographie analyses 
were made on phosphate residues isolated from the envelopes and from resi­
dues that had been in direct contact with the soil. 
Preparation of envelopes containing CaHP04«2H20 and CagH2(P04)6'5H20 
A disc of glass-fiber filter paper 3 cm. in diameter was laid on a 
sheet of glass, and a piece of glass tubing 2.74 cm. in diameter and 2.5 
cm. long was placed on the paper disc to leave a uniform margin of approxi­
mately 0.3 cm. outside the tubing. The weighed amount of phosphate 
(0.200 g. of CaHP0^'2H20 or 0.130 g. of CagH2(P0i^)g*5H20) was poured onto 
the disc of paper through the glass tube. A thin layer of epoxy resin 
cement was then applied to the 0.3 cm. margin of the paper disc exposed 
beyond the walls of the glass tube. The glass tube was carefully removed, 
and another.disc of glass-fiber filter paper 3 cm. in diameter was sealed 
onto the bottom disc to form an envelope. The epoxy resin was allowed to 
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dry 24 hours. The envelope was then placed on a glass sheet and gently 
pressed with another sheet of glass to spread the phosphate within the 
envelope into a thin, uniform layer. The average thickness of each en­
velope was approximately 0.12 cm. of which 0.07 cm. was phosphate. En­
velopes containing CaHPOij^*2H20 were stored in a refrigerator until needed, 
but no special precautions were observed with the envelopes containing 
CAGH2(P04)6'5H20. 
Preparation of soil columns for incubation 
Preliminary experiments involving the positioning of CaHPO^/ZRgO 
and CagH^CPO^Dg'SH^O in soil columns with and without envelopes had shown 
that the pH and phosphorus concentration of the soil generally was affected 
for only a few millimeters on either side of the phosphate source. It was 
found convenient, therefore, to place four phosphate treatments in each 
column. The four treatments involved the placement in the soil of 0.200 g. 
of CaHPOi^*2H20 with and without an envelope.and of 0.130 g. of CagH^CPO^)^. 
SHgO with and without an envelope. The longitudinal axis of each column 
was divided into quarters, and one treatment was placed at the midpoint of 
each quarter. The relative position of the four treatments in each column 
was determined by the use of a set of random numbers. Two replicates of 
each column, were prepared. 
Filling of the columns with soil The soils in this investigation 
were packed to the same bulk density values as the corresponding soils in 
Part I. These values are listed in Table 4. 
A standard filling technique was used for all soils. Each column, 
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minus one end plate, was filled in a standing position. First, a circular 
piece of 40-mesh. stainless steel gauze and then a circle of glass-fiber 
filter paper (both 3.7 cm. in diameter) were placed in the base of each 
column. A predetermined weight of air-dry soil was transferred in in­
crements to each column through a long-stem funnel. The soil was added 
to each column in five steps to fill the column to depths of approximately 
1.25, 3.75, 6.25, 8.75, and 10.0 cm. After addition of each increment of 
soil, the column was dropped on a wood table five times from a height of 
approximately 1 cm. The surface of the soil was then smoothed, and a 
phosphate application was made. Where the phosphate compounds were added 
without an envelope, a glass tube 2.74 cm. in diameter was placed on top 
of the soil in the column, and the phosphate was added through the tube 
to produce a uniform layer of phosphate on the soil. This method en­
sured that a layer of phosphate in direct contact with the soil occupied 
the same area and was of the same thickness as a layer of the same phos­
phate in an envelope. 
Addition of water The water content of the soil in each column 
was adjusted to field capacity in a manner similar to that described in 
Part I. Preliminary experiments had shown that to obtain a constant 
moisture content throughout each column the required amount of water had 
to be added in two equal portions, one portion to each end of the column. 
(In the case of the Norfolk loamy sand, however, the water had to be added 
in five equal portions during the filling of each column with soil.) The 
first portion of water was added to each column through the hole in the 
base, as described previously. The second portion was added directly to . 
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the top of the soil column from a burette. 
Sealing of columns and incubation After 20 to 30 minutes had been 
allowed for the soil in each column to become wet, a circle of glass-
fiber filter paper and then a circle of stainless steel gauze were added 
to the soil at the top of each column. The 5 cm. by 5 cm. Plexiglas end 
plate was then sealed onto each column with silicone rubber, and the poly­
ethylene seals were placed over both ends in the manner described in Part I. 
The columns were incubated for 4, 16, or 44 weeks under the same con­
ditions as described in the previous investigation. Each column, however, 
was incubated with its long axis in a horizontal position. The advantages 
of this method were twofold. Firstly, the water content of the soil was 
kept more uniform from one end of the column to the other, and secondly, 
the oxygen and carbon dioxide levels should be more nearly uniform from 
end to end as a result of the diffusion of these gases through the poly­
ethylene seals at both ends of the column. 
Examination of soil columns after incubation 
Isolation of phosphate After being incubated for the designated 
period, each column was opened by cutting the silicone rubber seals at the 
ends and along the sides of the column. The upper half of the Plexiglas 
cylinder was removed to expose the solid soil core. The envelopes con­
taining CaHPO^'ZHgO and CagH2(P0i,.)g*5H20 were carefully removed with for­
ceps, washed with acetone to remove soil particles, and partially dried on 
a sintered glass membrane under vacuum. Each envelope was opened by re­
moving a circle of glass-fiber filter paper about 2.5 cm. in diameter from 
one side. The envelope was transferred to a sintered glass membrane, and 
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the exposed phosphate crystals were washed thoroughly with acetone and 
dried under a vacuum. The phosphate was carefully removed and transferred 
to a tightly stoppered vial. The vials containing CaHPO^*2H20 residues 
were placed in a refrigerator to ensure that the phosphate salt did not 
change to the anhydrous form before a detailed examination of the product 
could be made. 
The phosphate placed in direct contact with the soil was treated 
similarly. The phosphate was carefully isolated from the soil with a 
spatula, washed with acetone, dried under vacuum, and placed in stoppered 
vials for future examination. 
pH determinations on soil In selected columns, soil segments from 
2 to 5 mm. wide were collected at various positions for pH determinations 
to ascertain the effect of incubation on the soil pH. The determinations 
were conducted using 0.01 M CaCl2 in the manner described in Part I. 
Calcium and phosphorus analyses The phosphate isolated from the 
glass-fiber filter paper envelopes was analyzed for calcium and phosphorus 
as follows. Approximately 0.05 g. of phosphate was accurately weighed into 
a 100 ml. beaker on an analytical balance. The phosphate was dissolved by 
adding 30 ml. of 3NHC1 and heating on a steam plate for 30 minutes. The 
digest was quantitatively transferred to a 500 ml. volumetric flash and 
brought to volume with deionized water. 
For calcium analyses, a 10 ml. aliquot was transferred to a 50 ml. . 
volumetric flask, 10 ml. of a 5% solution of lanthanum as lanthanum chlo­
ride was added, and the volume was made to 50 ml. with deionized water. 
The lanthanum was added to prevent interference from phosphate in the 
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subsequent absorption measurements. Calcium standards containing the same 
lanthanum and acid concentrations as the samples were prepared to cover 
the range from 0 to lOyig. of calcium per ml. The calcium content of the 
unknown samples was determined by comparing the absorption values of the 
samples and standards obtained with a Perkin-Elmer Model 303 atomic ab­
sorption spectrophotometer as described by the Perkin-Elmer Staff (1966). 
Phosphorus determinations were made on 10 ml. aliquots of the phos­
phate solutions using the vanadomolybdophosphoric yellow color method 
(nitric acid system) described by Jackson (1958). The transmittancy of 
the yellow solutions was determined on an Evelyn photoelectric colorimeter 
equipped with a 420 mu filter. 
Pétrographie and X-ray analysis Both the CaHP0i^*2H20 and 
^^8^26samples were examined under a pétrographie microscope to 
determine the possible presence of new phases. Samples of phosphate were 
prepared for X-ray analysis by grinding them in an agate mortar and smear­
ing the powder onto a piece of cellophane tape with adhesive on both sides. 
The tape had previously been mounted on a glass microscope slide. The 
samples were X-rayed in the manner described in Part I. The optical and 
X-ray diffraction data obtained on the samples were compared with the data 
for pure phosphates listed by Lehr et £l. (1967). 
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RESULTS AND DISCUSSION 
Transformations of Dibasic Calcium Phosphate Dihydrate 
Alteration to octacalcium phosphate 
The results of the microscopic and X-ray diffraction analyses of the 
residues from the incubation of CaHPO^/ZH^O in soils for 4, 16, and 44 weeks 
are shown in Tables 26, 27, and 28, respectively. After 4 weeks, the 
presence of CagH2(P0^)g*5H20 as a new phase was definitely confirmed in 
Norfolk loamy sand and Webster silty clay loam (35®C.) at the higher pH 
values irrespective of whether the CaHPOi|.*2H20 had been contained in an 
envelope or had been in direct contact with the soil. After 16 and 44 
weeks, CagH2(PO4)6'5H2O was also detected in the phosphate isolated from 
each of the other soil types used in the investigation. 
The new phase was positively identified as CagH2(P0%Jg'5H20 by X-ray 
diffraction data which agreed with those given for the pure compound by ILehr 
et al. (1967). Under the pétrographie microscope, CagH2(P0i;)5*5H20 was ob­
served as clusters of blade-like crystals on the surface of the rectangular 
CaHPO^/ZH^O crystals. Detection of the new phase was facilitated by ob­
serving the incubated phosphate crystals in a medium with a refractive index 
equal to the average refractive index of CaHPO^/ZHgO (1.55). In this medium, 
the outline of the CaHP0^*2H20 crystals almost completely disappeared, and 
any CagH2(P04)g*5H20 crystals (average refractive index of 1.58) present 
stood out as dark-colored blades. The exact refractive indexes of 
CagH2(P04)5*5H20 and other calcium phosphates of interest here are given in 
Table 31 (Appendix). Figure 9 contains photomicrographs showing CagH2(PO^j.)g• 
SHgO on the surface of CaHP0i,,*2H20 crystals isolated from Webster silty clay 
Table 26. Ratio of calcium to phosphorus and presence of octacalcium phosphate in residues from 
dibasic calcium phosphate dihydrate incubated for 4 weeks in glass fiber paper envelopes 
in various soils and presence of octacalcium phosphate in residues Incubated in direct 
contact with the soils 
Average Mole ratio of Presence of Ca8H2(P04)6•5H2O 
pH of soil Soil calcium to CaHPOij*2H20 in envelope CaHPOyyZH^O in contact with soil 
during in- treat- Repli- phosphorus pétrographie X-ray dif- Pétrographie X-ray dif-
cubation ment cate (envelopes) microscope^ fraction^ microscope^ fraction^ 
Norfolk loamy sand (25°C.)^ 
6.47 - 1 1.00 0 0 0 0 
2 1.00 0 0 0 0 
6.49 CaF2 1 0.99 0 0 0 0 
2 1.00 0 0 0 0 
6.69 CaHnPoO, 1 0.99 0 0 0 0 
2 0.99 0 0 0 0 
6.89 - 1 1.00 0 0 0 0 
2 0.99 0 0 0 0 
7.87 - 1 1.02 T 0 * 0 
2 1.01 0 0 0 0 
7.89 CaF2 1 1.00 0 0 0 0 
2 1.00 0 0 0 0 
7.85 MgCl2 1 
2 
0.98 0 0 0 0 
7.93 CaCOg 1 1.00 T . 0 * .0 
2 1.00 0 0 0 0 
8.71 - 1 1.07 ++ * * * 
2 1.08 ++ * * * 
8.73 CaFg 1 1.08 ++ * * * 
2 1.08 ++ * * * 
^0 = none detected, T = trace, + = small, ++ = moderate, +++ = abundant, and ++++ = very abundant 
amounts, (here and in following tables). 
b 
0 = none detected and * = present,(here and in following tables). 
c 
Temperature of incubation, (here and in following tables). 
Table 26. (Continued) 
Average Mole ratio of Presence of GagH2(P04)6« 5H20 
pH of soil Soil calcium to CaHP04-2H20 in envelope CaHP04'2H?0 in contact with soil 
during in­ treat­ Repli­ phosphorus Pétrographie X-ray dif- Pétrographie X-ray dif-
cubation ment cate (envelopes) microscope® fractionb microscope^ fractionb 
Lloyd clay loam (25^0. ) 
6.19 mm mm 1 1.00 0 0 0 0 , 
2 1.00 0 0 0 0 
6.87 M mm 1 0.99 0 0 0 0 
2 0.99 0 0 0 0 
7.53 1 0.99 0 0 0 0 
2 0.99 0 0 0 0 
7.57 G&CO^ 1 1.00 0 0 0 0 
2 1.00 0 0 0 0 
Webster silty clay loam (250C.) 
6.56 
- -
1 
9 
1.00 0 0 0 0 
6.56 CaF2 1 1.00 0 0 0 0 
2 1.00 0 0 0 0 
7.08 mm M 1 1.00 0 0 0 0 
2 1.00 0 0 0 0 
7.77 mm mm 1 1.00 0 0 0 0 
2 1.00 0 0 0 0 
7.78 CaF2 1 1.01 0 0 0 0 
2 1.01 0 0 0 0 
7.79 CaCOg 1 1.01 0 0 0 0 
2 1.00 0 0 0 0 
Table 26. (Continued) 
Mole ratio of Presence of CagH2(P04)A'5H20 
calcium to CaHP04'2H?0 in envelope CaHP04«2H20 in contact with soil 
Repli- phosphorus Pétrographie X-ray dif- Pétrographie X-ray dif-
cate (envelopes) microscope^ fraction^ microscope^ fraction^ 
Webster silty clay loam (350C.) 
6.53 
— 
1 
2 
1.00 0 0 0 0 
6.52 C3F2 1 1.00 0 0 0 0 
2 1.00 . 0 0 0 0 
7.06 — — 1 0.99 0 0 0 0 
2 1.00 0 0 0 0 
7.35 CaHgPgO? 1 0.99 0 0 0 0 
. 2 0.98 0 0 0 0 
7.63 MgCl2 1 1.03 T 0 * 0 
2 1.01 T 0 * 0 
7.71 — — 1 1.02 T 0 * 0 
2 0.99 0 0 0 0 
7.72 CaPg 1 1.03 T 0 * 0 
2 1.03 T 0 * 0 
7.75 CsCO^ 1 1.01 T 0 * 0 
2 1.03 T 0 * 0 
' Harpster silty clay loam I (250c.) 
7.49 mm mm 1 0.99 0 0 0 0 
2 0.99 0 0 0 0 
Harpster silty clay loam II (35°C.) 
7.51 — — 1 0.99 0 0 0 0 
2 0.98 0 0 0 0 
Darling Downs 1 clay ( :250c. ) 
7.80 — •— 1 0.99 0 0 0 0 
2 0.99 0 0 0 0 
Average 
pH of soil Soil 
during in- treat-
cubation ment 
Table. 27. Ratio of calcium to phosphorus and presence of octacalcium phosphate in residues from 
dibasic calcium phosphate dihydrate incubated for 16 weeks in glass fiber paper envelopes 
in various soils and presence of octacalcium phosphate in residues incubated in direct 
contact with the soils 
Average Mole ratio , of Presence of Ga8H2(PO4)6•5H2O 
pH of soil Soil calcium to CaHP04«2H20 in envelope CaHP04"2H20 in contact with soil 
during in­ treat­ Repl i- phosphorus Pétrographie X-ray dif­ Pétrographie X-ray dif­
cubation ment cate (envelopes) microscope® fraction^ microscope^ fraction^ 
Norfolk loamy sand (250c.) c 
5.79 CaH2P2®7 1 1.00 0 0 0 0 
2 1.00 0 0 0 0 
6.43 mm mm 1 1.00 0 0 0 0 
2 0.99 0 0 0 0 
6.39 2 1 1.00 0 0 0 0 
2 1.00 0 0 0 0 
6.83 M M 1 1.00 0 0 0 0 
2 1.00 0 0 0 0 
7.76 m» mm ' 1 1.08 + + * * 0 
2 1.02 + 0 * 0 
7.71 CaFg 1 1.12 + + * * 0 
2 1.14 + + * * 0 
7.77 MgCl2 1 1.00 T 0 * 0 
• 2 1.00 T 0 * 0 
7.81 CaCOg 1 1.04 ++ * * 0 
2 1.07 + + * * 0 
8.71 — M 1 1.14 + + + +• * * * 
2 1.12 + + + + * * * 
8.71 CaF2 1 1.14 + + + + * * * 
2 1.12 + + H* + * * * 
Lloyd clay loam (250c.) 
6.15 ma m» 1 1.00 0 0 0 0 
2 1.00 0 0 0 0 
6.78 — — 1 1.00 0 0 0 0 
2 0.99 0 0 0 0 
7.49 M mm 1 1.00 T 0 * 0 
2 1.00 T 0 * 0 
7.51 mm mm 1 1.00 T 0 * 0 
2 1.00 T 0 * 0 
Table 27. (Continued) 
Average Mole ratio of Presence of CagH? (POf4.)6 • 5H2O 
pH of soil Soil calcium I to CaHPOzj.-21^20 in envelope CaHPOit«2H20 in contact with soil 
during in­ treat­ Repli- phosphorus Pétrographie X-•ray dif- Pétrographie X-ray dif-
cubation ment cate (envelopes) microscope^ fraction" microscope^ fractionb 
Webster silty clay loam (25OC. ) 
6.51 - - 1 
7 
1.00 0 0 0 0 
6.48 CaF2 1 1.00 0 0 0 0 
2 1.00 0 . 0 0 0 
7.03 
- -
1 
2 
1.00 0 0 0 0 
7.68 1 1.03 + 0 * 0 
2 1.01 T 0 * 0 
7.67 CaPg 1 1.01 T 0 * 0 
2 1.01 + 0 * 0 
7.71 CaCOg 1 1.02 + 0 * 0 
2 1.02 + 0 * 0 
Webster silty clay loam (35°C. ) 
6.47 — - 1 
2 
1.00 0 0 0 0 
6.41 C&F2 1 1.00 0 0 0 0 
2 1.00 0 0 0 0 
6.98 mm mm 1 1.00 T 0 * 0 
2 1.00 T 0 * 0 
6.97 03112^2^7 1 1.00 T 0 * 0 
2 1.00 T 0 * 0 
7.54 MgCl2 1 1.06 + 0 * 0 
2 1.11 + 0 * 0 
7.63 M  mm 1 1.08 ++ * * 0 
2 1.05 ++ 0 * 0 
7.61 CaF2 1 1.08 '++  * *. a 
2 1.10 ++ * * 0 
7.65 CaCOg 1 1.08 ++ * * 0 
2 1.06 0 * 0 
Table 27. (Continued) 
Average 
pH of soil 
during in­
cubation 
Presence of Ca8H2(P0^)6'5H20 
Soil 
treat­
ment 
Repli-
Mole ratio of 
calcium to CaHPO^,^'21120 in envelope CaHPO^»2H2O in contact with soil 
phosphorus Pétrographie X-ray dif- Pétrographie X-ray dif-
cate (envelopes) microscope^ fraction^ microscope^ fraction^ 
7.51 
7.52 
7.80 
1 
2 
1 
2 
1 
2 
Harpster silty clay loam I (25°C.) 
1 .00  T  0  
1.00 T 0 
Harpster silty clay loam II (25°C.) 
1.00 
1.00 
T 
T 
Darling Downs clay (25°C.) 
1 . 0 0  
1.01 
T 
T 
0 
0 
0 
0 
* 
* 
* 
* 
* 
* 
0 
0 
0 
0 
0 
0 
Table 28. Ratio of calcium to phosphorus and presence of octacalcium phosphate in residues from 
dibasic calcium phosphate dihydrate incubated for 44 weeks in glass fiber paper envelopes 
in various soils and presence of octacalcium phosphate in residues incubated in direct 
contact with the soils 
Average Mole ratio of Presence of Ca8H9(P0it)6*5H20 
pH of soil Soil calcium to CaHP04-21120 in envelope CaHPOk'ZKpO in contact with soil 
during in­ treat­ Repli­ phosphorus Pétrographie X-ray dif­ Pétrographie X-ray dif-
cubation ment cate (envelopes) microscope^ fraction^ microscope^ fractionb 
Norfolk loamy sand (25°C. )c 
5.62 CaH2P20y 1 1.00 0 0 0 0 
2 0.99 0 0 0 0 
6.33 M  H  1 1.00 0 0 0 0 
2 1.00 0 0 0 0 
6.37 CaF„ 1 1.03 0 0 0 0 
2. 2 1.02 0 0 0 0 
6.81 M  —  1 1.00 0 0 0 0 
2 1.00 0 0 0 0 
7.68 " M  1 1.06 ++ 0 * * 
2 1.04 ++ 0 * * 
7.61 CaF2 1 1.04 ++ 0 * * 
2 1.04 ++ 0 * * 
7.65 MgCl2 1 1.01 T 0 * 0 
2 1.00 T 0 * 0 
7.61 CaGOg 1 1.07 +++ * * * 
2 1.18 +++ * * * 
8.71 mm wm 1 1.14 ++++ * * * 
2 1.18 + + + + * * 0 
8.71 CaF2 1 1.17 + + + + * * * 
• 2 1.16 + + + + * * * 
Lloyd clay loam (25°C.) 
6.09 #«# mm 1 1.00 0 0 0 0 
2 1.00 0 0 0 0 
6.67 1 1.00 0 0 0 0 
2 1.00 0 0 0 0 
7.48 — — 1 1.03 ++ 0 * 0 
2 1.01 + 0 * 0 
7.51 CaC03 1 1.00 + 0 * 0 
2 1.00 0 * 0 
Table 28. (Continued) 
Mole ratio of Presence oC Ca8H2(P0/j.)6• SHpO 
pH of soil Soil calcium to CaHPO^-21120 in envelope CaHPO/f2H20 in contact with soil 
during in­ treat­ Repli­- phosphorus Pétrographie X-ray dif-- Pétrographie X-ray dif­
cubation ment cate (envelopes) microscope® fraction" microscopeb fraction^ 
Webster silty clay loam (250c. ) 
6.46 1 1.00 0 0 0 0 
2 1.01 0 0 0 0 
6.47 CaF2 1 1.00 0 0 0 0 
2 1.00 0 0 0 0 
6.94 —. — 1 1.00 T 0 * 0 
9. 1.00 T 0 * 0 
7.65 —* "» 1 1.04 + 0 * 0 
2 1.04 + 0 * * 
7.63 CaF2 1 1.09 ++ * * * 
2 1.08 + + * * 0 
7.69 . CâCO^ 1 1.07 + + * * * 
2 1.07 + + * * * 
Webster silty clay loam (35' ) 
6.39 ^  M  1 1.00 0 0 0 0 
2 1.01 0 0 0 0 
6.37 CaF2 1 1.04 T 0 * 0 
2 1.05 T 0 * 0 
6.84 M  1 1.04 + 0 * 0 
2 1.03 + 0 * 0 
6.81 C&R2^2^7 1 1.02 + 0 * 0 
2 1.03 + 0 * 0 
7.51 MgClg 1 1.17 0 * 0 
2 1.17 + + 0 * 0 
7.56 — 1 1.24 + + + + * * * 
2 1.13 + + + * * 0 
7.56 CaF2 1 1.24 + + + + * * * 
2 1.18 + + + * * * 
7.60 CaCOg 1 1.07 + + * * 0 
2 1.13 + + 4* * * * 
Table 28. (Continued) 
Average Mole ratio of Presence of Ca8H2 (P0a)fi*5H2O 
pH of soil Soil calcium to CaHP04'2H20 in envelope CaHPO^'ZHgO in contact with soil 
during in- treat- Repli- phosphorus Pétrographie X-ray dif- Pétrographie X-ray dif-
cubation ment cate (envelopes) microscope® fraction^ microscope^ fraction^ 
Harpster silty clay loam I (25°C.) 
7.46 — 1 1.01 + 0 * 0 
2  1 .01  +  0  *  0  
Harpster silty clay loam II (25°C.) 
7.50 — 1 1.05 ++ 0 * 0 
2 1.07 +++ * * 0 
Darling Downs clay (25°C.) 
7.71 — 1 1.02 + 0 * 0 
2 1.01 T 0 * 0 
Figure 9. Photomicrographs illustrating the formation of octacalcium 
phosphate on crystals of dibasic calcium phosphate dihydrate 
incubated in soil. 
A. Crystals of dibasic calcium phosphate dihydrate before 
addition to the soil. The crystals were photographed 
in a medium with a refractive index of 1.52 and at a 
magnification of 460. The dark body just below the 
center of the photomicrograph is a contaminant intro­
duced during preparation of the mount. 
B. Crystals of octacalcium phosphate (dark) on the sur­
face of crystals of dibasic calcium phosphate dihy­
drate (transparent) that had been incubated for 44 
weeks in Webster silty clay-loam at pH 7.71. To bring 
out the contrast between the species the crystals were 
photographed in a medium with a refractive index of 1.55 
(magnification 365). 
B. 
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loam (pH 7.71) after 44 weeks incubation. 
Where extensive alteration of to CagH2(P0^)5*5H20 had 
occurred, the phosphate crystals in the envelopes and in direct contact 
with the soil became loosely cemented together to form a crust. This 
phenomenon was also observed during the preparation of pure GagH2 (50^^)5 *5112 0 
by hydrolysis of CaHPO^'ZH^O in a buffer solution. 
CagH2(P0^)g*5H20 was the only new phase identified by pétrographie and 
X-ray examination of residues of CaHPO^-ZH^O incubated in soils for up to 
44 weeks. It is possible that a small amount of CaigCOH^gCPO^Dg could have 
resulted from the hydrolysis of the newly formed CagH2(P04)6'5H20. (There 
is little evidence available in the literature to suggest that Caj^Q(OH)2(POi^)g 
can form directly from CaHP04*2H20). The rate of this reaction at the tem­
peratures and pH values used in this investigation, however, would be ex­
tremely slow. Furthermore, the results obtained from the addition of pure 
CagH2(P0^)g*5H20 to soils (succeeding section) would suggest that little or 
no hydrolysis of the compound occurs, even after 44 weeks. A reaction of 
CaHPO^*2H20 or CagH2(P04)6'5H20 with fluoride to form CaiQF2(P04)6 seems 
more likely; nevertheless, no Ca]^oF2(PO^)6 was positively identified by 
pétrographie analysis or X-ray diffraction. 
Tables 26, 27, and 28 show that CagH2(PO/|)6*51120 was detected in the 
phosphate contained in envelopes only when it had also been detected in the 
phosphate which was in direct contact with the soil. It was not feasible to . 
compare the extent of formation of Cagll2 (PO:,.)^'51120 in the phosphate iso­
lated from these two sources using the same scale because of the presence 
of soil contamination in the phosphate which had been in contact with the 
168 
soil. The extent of hydrolysis of individual crystals of GaHP0^*2H20, 
however, appeared to be the same, irrespective of the source of the phos­
phate. 
The fact that CaHP04*2H20 and CagH2(POz^)g » 5H2O were the only species 
identified makes possible an estimate of the proportions of the components 
of the residues on the basis of their chemical composition. The residues 
in the envelope could be recovered without contamination by particles of 
soil; therefore, these residues were used for analysis. Because the results 
of pétrographie and X-ray examination of the residues in the envelopes cor­
responded to the results obtained on residues in direct contact with soil, 
the quantitative transformations estimated from the composition of the resi­
dues may be similar to the quantitative transformations that occurred in 
the residues in direct contact with soil. 
The theoretical calcium and phosphorus percentages in CaHP0ij.*2H2O 
and its possible transformation products are shown in Table 29. If 
CaHP04-2H20 alters to a more basic calcium phosphate, it is obvious that 
the calcium percentage and the ratio of calcium to phosphorus in the mixture 
will increase, the magnitude depending on the transformation product (or 
products) and the extent of the transformation. Because such a small sample 
(0.05 g.) of phosphate was used for calcium and phosphorus analyses, a small 
error in weighing would cause a relatively large error in the calcium and 
phosphorus percentages. Moreover, although inclusion of some glass fibers 
from the envelopes would not bias the results in favor of either calcium 
or phosphorus, the fibers would dilute the phosphates and would result in 
low values for both calcium and phosphorus. The ratio of calcium to 
169 
Table 29. Theoretical calcium and phosphorus percentages and mole ratio 
of calcium to phosphorus in dibasic calcium phosphate di­
hydrate, octacalcium phosphate, hydroxyapatite, and 
fluorapatite 
Compound Calcium 
content, % 
Phosphorus 
content, % 
Mole ratio of cal­
cium to phosphorus 
CaHP04'2H20 23.3 18.0 1.00 
CAGLL2 5 • 5H2O 32.6 18.9 1.33 
Cai 0(011)2 (P0^)6 39.9 18.5 1.67 
C&10F2(204)3 39.8 18.4 1.67 
phosphorus, however, is insensitive to any error in the weight of the phos­
phate and thus was used as a measure of the extent of hydrolysis of 
CaHP04-2H20. In describing the transformations of calcium phosphates, the 
mole ratio of calcium to phosphorus is conventionally used in preference to 
the weight ratio and so mole ratios will be used throughout this discussion. 
The relationship between the relative amounts of CaHPO^,*2H20 and 
CagH2(P0/^)5*5H20 in a mixture of the two and the mole ratio of calcium to 
phosphorus in the mixture is shown in Figure 10. The mole ratios of calcium 
to phosphorus in residues from dibasic calcium phosphate dihydrate incubated 
in soil for 4, 16, and 44 weeks are listed in Tables 26, 27, and 28, re­
spectively. 
Table 32 (Appendix) contains the calcium and phosphorus percentages 
from which these ratios were calculated. As is evident from Tables 26, 27, 
and 28, an increase in the ratio of calcium to phosphorus above the value 
of unity characteristic of CaHP0ij,*2H20 was accompanied by an increase in the 
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MOLE RATIO OF CALCIUM TO PHOSPHORUS 
Relationship between the percentages of octacalcium phosphate and dibasic calcium phos-
phate dihydrate in a mixture of the two compounds and the mole ratio of calcium to 
phosphorus in the mixture. 
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proportion of CagH2(P0^)g*5H20 found by pétrographie analysis. The rela­
tionship may be seen more clearly in Figure 11. 
Effect of carbonate 
It is evident from Tables 26, 27, and 28 that at a given pH the mole 
ratios of calcium to phosphorus were not appreciably affected by additions 
of CaCOg. Accordingly, the CaCOg treatments are ignored in the next section, 
and the values obtained are plotted according to the soil pH, which seemed 
to be the controlling factor. 
Effect of soil pH 
The average pH values of the soils during incubation for 4,16, and 44 
weeks are shown in Table 33 in the Appendix. The trend with soil pH of the 
mole ratio of calcium to phosphorus in the phosphate residues of 
CaHPO^*2H20 incubated in samples of Norfolk loamy sand adjusted to differ­
ent pH values for 4, 16, and 44 weeks is shown in Figure 12. After 4 weeks, 
the ratio of calcium to phosphorus remained unchanged from a value of 1.00, 
characteristic of CaHP04*2H20, for pH values below about 8.0. The average 
ratio of the phosphate from the soil with pH 8.7 had increased significantly 
in this time, and pétrographie analysis of the phosphate showed a moderate 
amount of CagH2(PO^)g*51l20 on the surface of the CaHP0/j.*2H20 crystals. At 
16 and 44 weeks, the ratio of calcium to phosphorus remained unchanged below 
a pH value of about 7.0 but increased above this value, the increase being 
greater the higher the pH and the longer the incubation period. Gagîl2(204)6' 
SHgO was positively identified in all samples isolated at 16 and 44 weeks 
from soil with a pH value greater than 7.0. The maximum mole ratios attained 
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RELAT IVE  ABUNDANCE OF OCTACALCIUM PHOSPHATE 
Mole ratio of calcium to phosphorus in residues from incubation of dibasic calcium phos­
phate dihydrate in glass-fiber paper envelopes in soils for ft, 16, and 44 weeks versus 
relative abundance of octacalcium phosphate in the residues as estimated from microscopic 
examination. Legend for relative amounts of octacalcium phosphate: T=Trace, +=small 
amount, ++=moderate amount, +++=large amount, and ++++=very large amount. 
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Figure 12. Mole ratio of calcium to phosphorus in residues from the incubation of dibasic calcium 
phosphate dihydrate at 250G. in glass-fiber paper envelopes in Norfolk loamy sand for 
4, 16, and 44 weeks versus the average pH of the soil during incubation. Magnesium 
chloride or calcium hydrogen pyrophosphate had been added to some samples. Each 
point represents the average of analyses on two replicates. 
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(at pH 8.70) after k, 16, and 44 weeks corresponded to the presence of 24, 
42, and 54% of CagH2(P04)5'5H20, respectively. 
A similar trend in ratios of calcium to phosphorus with pH was ob­
served with Lloyd clay loam at 25°C. and Webster silty clay loam at 25°C. 
and 35°C. The trend in the mole ratios with pH in samples incubated in 
Webster silty clay loam at 35°C. is shown in Figure 13. 
The effect of pH on the mole ratios of calcium to phosphorus in resi­
dues of dibasic calcium phosphate dihydrate incubated at 25°C. with all soils 
used in this investigation is shown in Figures 14, 15, and 16. Irrespective 
of the soil type, the same general trend with pH was observed at each incu­
bation period. After 4 weeks, the mole ratios increased above a pH value 
of about 7.8, indicating that transformation of CaHP04*2H20 to 
Ca8H2(P04)g*51l20 had occurred above this pH. After 16 weeks, the mole ratios 
had increased above pH 7.6. At the end of 44 weeks, increases in the 
ratios had occurred at pH values as low as 7.45. 
In vitro studies have shown that the hydrolysis of CaHPO/|*2H20 to 
CagH2(P04)g*5H20 can occur above a pH of about 6.38, and it is conceivable 
that this transformation would have been observed at lower pH values if the 
incubation periods had been longer. It is of interest to note that, in 
Webster silty clay loam incubated at 35°C., CagH2CP0^)g*5H20 was identified 
by the end of 44 weeks at a pH value as low as 6.8. 
Effect of time 
The effect of time on the hydrolysis of CaHP0^"2H20 incubated in Norfolk 
loamy sand is shown in Figure 17. The mole ratio of calcium to phosphorus 
did not change with time at pH values less than about 7. Above this pH the 
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Figure 13. Mole ratio of calcium to phosphorus in residues from the incubation of dibasic calcium 
phosphate dihydrate at 35 C. in glass-fiber paper envelopes in Webster silty clay loam 
for 4, 16, and 44 weeks versus the average pH of the soil during incubation. Magnesium 
chloride or calcium hydrogen pyrophosphate had been added to some soil samples. Each 
point represents the average of analyses on two replicates. 
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Figure 15. Mole ratio of calcium to phosphorus in residues from incubation of dibasic calcium phosphate 
dihydrate at 25°G. in glass-fiber paper envelopes in soils for 16 weeks versus the average pH 
of the soils during incubation. The points represent analysis on two individual replicates. 
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AVERAGE pH OF SOIL DURING INCUBATION 
Mole ratio of calcium to phosphorus in residues from incubation of dibasic calcium phosphate 
dihydrate at 25°C. in glass«fiber paper envelopes in soils for 44 weeks versus the average 
pH of the soils, during incubation. The points represent analyses on two individual 
replicates. 
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mole ratio increased with time, but the rate of increase also decreased with 
time. Similar trends were observed with the other soils. 
If the pH was favorable, CagH2(PO4)6'5H2O crystals grew on the surface 
of the CaHP04*2H20 crystals until, in many instances, the entire-surface . 
of the latter crystals was coated with CagH2(P04)5*5H20» As the exposed 
surface area of the CaHP04*2H20 crystals decreases, so too should the rate 
of formation of CagH2(P0i^ )g*5H20. This surface area effect might explain 
why the rate of increase in the mole ratio of calcium to phosphorus de­
creases with time. 
Effect of temperature 
Webster silty clay loam was the only soil incubated at 35°C. in addi­
tion to 25°C. Figures 18, 19, and 2 0 show the effect of temperature on the 
mole ratio of calcium to phosphorus in the phosphate residues after incuba­
tion for 4, 16, and 44 weeks, respectively. After 4 weeks, the mole ratio 
in the soil incubated at 35°C. exceeded that in soil incubated at 25°C. at 
pH values of 7.6 to 7.8 but not at pH values below 7.1. The same effect 
was observed after 16 weeks, but the difference between the mole ratios at 
25°C. and 35°C. at pH values of 7.6 to 7.8 was more marked. After 44 weeks, 
the calcium to phosphorus ratios at 35°C. exceeded those, at 25°C. at pH 
values greater than 6.8. 
Effect of magnesium 
The influence of added magnesium on the mole ratio of calcium to phos­
phorus in the residues remaining after incubation of CaHP0i^ *2H20 in Norfolk 
loamy sand for 4, 16, and 44 weeks can be seen in Figure 12. At a given pH, 
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AVERAGE pH OF SOIL DURING INCUBATION 
Mole ratio of calcium to phosphorus in residues from the incubation of dibasic calcium phos­
phate dihydrate in glass-fiber paper envelopes in Webster silty clay loam for 4 weeks at 
25°C. and 35®C« versus the average pH of the soil during incubation. The points represent 
analyses on two individual replicates. 
in 
=) 
G: g 
CL 
CO 
O 
3: 
CL. 
g 
1.25 
1.20 
1.15 
i '• 10 
< 
o 
lA. 
o 
o 
< 
CC 
LU 
1.05 
1.00 
^ 0.95 
1 1 1 1 1 1 
o Z5°C. \ 
— o SS'C. 
— 
o 
8 
— (D Go 
» 
1 1 1 1 1 1 
5.5 6.0 6.5 
00 
7.0 7.5 8.0 8.5 9.0 
AVERAGE p H OF SOIL DURING INCUBATION 
Figure 19. Mole ratio of calcium to phosphorus in residues from the incubation of dibasic calcium phos. 
phate dihydrate in glass-fiber paper envelopes in Webster silty clay loam for 16 weeks at 
25°C. and 35°C. versus the average pH of the soil during incubation. The points repre­
sent analyses on two individual replicates. 
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AVERAGE pH OF SOIL DURING INCUBATION 
Mole ratio of calcium to phosphorus in residues from the incubation of dibasic calcium phos­
phate, dihydrate in glass-fiber paper envelopes in Webster silty clay loam for 44- weeks at 
25°C. and 35?C. versus the average pH of the soil during incubation. The points represent 
analyses on two individual replicates. 
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addition of magnesium consistently depressed the ratio of calcium to phos­
phorus at all periods of incubation, but the effect was most marked at 16 
and 44 weeks. Further evidence of the depressive effect of magnesium on 
the hydrolysis of CaHPOj^ «2H20 was obtained by pétrographie examination of 
the residues. At 16 and 44 weeks (Tables 27 and 28, respectively), only 
traces of GagH2(P04)g'5H20 were found in the soil receiving magnesium, 
whereas moderate amounts of CagH2 g'5H2O were identified in the phos­
phate isolated from the soil of similar pH but without added magnesium. 
The effect of magnesium observed in Norfolk loamy sand may also ex­
plain the apparent depression in CagH2(P0ij.)g*5H20 formation in Darling 
Downs clay. The exchangeable magnesium in this soil is high (Table 3). 
The soil had a high pH (7.7 to 7.8), and, because of this, significant hy­
drolysis of CaHP0i,,*2H.20 would have been expected during even a relatively 
short incubation. After 16 weeks, however, only a trace of CagH2(P0/j.)g*5H20 • 
was detected on the CaHPO^ /ZH^ O crystals, and after 44 weeks the extent of 
the hydrolysis was still slight. These results confirm Rowles' (1958) 
observation that hydrolysis of CaHPO^ "21120 to Ca8H2 (PO/j.)g• 5H2O ^  vitro 
was inhibited or delayed by magnesium at a concentration of 10"^  moles per 
liter. 
Figure 13 shows the influence of added magnesium on the mole ratio of 
calcium to phosphorus in the residues from the incubation of CaHPO^ 'ZHgO 
in Webster silty clay loam at 35°C. At a given pH, the added magnesium ap­
pears to have had no appreciable effect on the mole ratio. Pétrographie 
analyses at 4, 16, and 44 weeks (Tables 26, 27, and 28, respectively) indi­
cated little, if any reduction in the formation of CagH2(P04jg"5H20 in the 
presence of the added magnesium. 
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Perhaps the higher temperature of incubation of the Webster soil over­
came the inhibiting effect of magnesium on CagH2(PO^ )g• 5H2O formation. 
Alternatively, the concentration of magnesium ions in solution in this soil 
may have been lower than in Norfolk loamy sand or Darling Downs clay. (In 
both the Norfolk and Webster soils the additions of magnesium were equiva­
lent to the cation exchange capacities.) 
Effect of pyrophosphate 
The effect of adding CaH2P207 to Norfolk loamy sand on the composition 
of phosphates residues from the incubation of CaHP0|j^ *2H20 in this soil for 
4, 16, and 44 weeks can be seen in Figure 12. The 0352^ 2^ 7 added to 
a soil sample having a pH (7.91) at which Ca8H2(P0/|)g*5H20 would be ex­
pected to form. Unfortunately, however, the hydrolysis of the pyrophosphate 
to orthophosphate caused the pH of the soil to drop to a value at which 
CagH2(P0i^ )g*5H20 did not form even in the soil to which CaH2P2^ 7 was not 
added. Thus the effect of pyrophosphate on the hydrolysis of CaHPO^ 'ZH^ O 
could not be investigated in this soil. 
When CaH2P207 was added to Webster silty clay loam (initial pH = 7.71) 
incubated at 350C. (Figure 13), the depression in pH was not as marked as 
in the Norfolk soil due to the greater buffering capacity of the former 
soil. After 44 weeks, the pyrophosphate addition had little effect, if any, 
in depressing the mole ratio of calcium to phosphorus in residues isolated 
from the soil at a pH of approximately 6.8. Pétrographie analyses (Table 28) 
indicated that similar amounts of CagH2(P0i^ ,)g*5H20 had formed at pH 6.8 
irrespective of whether been added to the soil or not. It is 
possible that the elevated temperature of incubation overcame any inhibit­
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ing effect of the pyrophosphate. It is also conceivable that enough hydroly­
sis of the pyrophosphate occurred at the higher temperature (35°C.) to per­
mit the transformation of CaHPO|^ *2H20 to CagHgCPO^ G^'SHgO to proceed. 
These results do not confirm Larsen and Widdowson's (1966) observa­
tion that pyrophosphate inhibits formation of calcium orthophosphates; 
however, they cannot be said to contradict the observation. As mentioned 
previously, some of the conditions encountered in this work were unsuitable 
for testing the effect, and perhaps the others were as well. No examination 
of the soil was made to determine how long the pyrophosphate persisted. 
Effect of fluoride 
The effect of added fluoride on the mole ratio of calcium to phosphorus 
in the residues remaining after the incubation of CaHP0ij.*2H20 in Norfolk 
loamy sand may be seen in Figure 2 1. With one exception, the ratios of 
calcium to phosphorus found in residues isolated from the soil samples con­
taining added fluoride were equal to or greater than the corresponding ratios 
in the residues isolated from the control samples. 
In the sample of Norfolk loamy sand containing added fluoride and ad­
justed to a pH of about 6.4, the ratios of calcium to phosphorus of the in­
cubated phosphate after 44 weeks in replicate columns were 1.02 and 1.03 
•(Table 28). These values are considered significantly different from 1.00. 
Nevertheless, no CagH2(P04)g-5H20 was detected in these samples; furthermore, 
the formation of this compound at 25°C. was not detected in any of the soils 
used in this investigation below a pH value of about 7.4. Thus the observed 
increase in the mole ratios above the value characteristic for CaHP0^ *2H2O 
(1.00) may have been due to the formation of Ca2^ o^ 2^ ^^ 4^ 6* the higher pH 
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Figure 21, Mole ratio of calcium to phosphorus in residues from incubation of dibasic calcium phosphat 
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values, Ca^ QFgCPO^ )^  could have formed in addition to CagH2(P0^ )^g*5H20. 
The effect of added fluoride on the mole ratio of calcium to phosphorus 
in CaHPO/^ *2H20 residues recovered from Webster silty clay loam incubated at 
25°C. and SS^ C. may be seen in Figures 22 and 23, respectively. At 35°C. 
the effect of fluoride appears to be more consistent than at 25°C. The 
calcium-to-phosphorus ratios of the phosphate incubated at 35°C. in soil 
containing added fluoride were equal to or greater than ratios of the phos­
phate incubated in the control soils at both pH levels after 4, 16, and 44 
weeks. It is significant that only a trace of CagH2(P0i^ )g-5H20 was found in 
the phosphate incubated at 35°C. for 44 weeks in the soil samples with and 
without added fluoride at a pH of about 6.4. The mole ratio of phosphate 
incubated in the soil containing fluoride was much higher than one would ex­
pect if only a trace of CagH2(P0i^ )g*51l20 had formed. It is conceivable, 
therefore, that the formation of Ca^ qF2(POi|)g occurred at the lower pH and 
probably at the higher pH as well. 
In vitro, CaiQFgCPO^ )^  has been found to form by reaction of fluoride 
with either CaHP0i^ *2H20 .(Kurmies, 1953) or CagH^ CPO^ Dg'SH^ O (Brown et al., 
1962). Both reactions could have occurred in this investigation. There 
is evidence in the results obtained with Norfolk loamy sand at a pH of 6.4 
that the transformation of CaHPO^ 'ZH^ O to CaiQF2(P04)g occurred without the 
formation of CagHg ' 5%20 as an intermediate compound. At higher pH 
values, Ca^ QF2(P0^ )g may have been formed by reaction of fluoride with either 
CagH2(P0i|)g*5H20 or CaHPO^ *21l20, but no definite conclusion could be made. 
It is of interest to note, however, that prepared CagH^ CPO^ g^'SH^ O added 
to the same soils as CaHPOij,-2H20 did not appear to react with added fluoride 
to form CaioF2(P04)6 (succeeding section). • 
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Figure 22. Mole ratio of calcium to phosphorus in residues from incubation of dibasic calcium phos­
phate dihydrate in Webster silty clay loam at different pH values with and without added 
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Figure 23. Mole ratio of calcium to phosphorus in residues from incubation of dibasic calcium phos­
phate dihydrate in Webster silty clay loam at different pH values with and without added 
calcium fluoride for 4, 16, and 44 weeks at 35°C." The pH data are averages of initial and 
final values, and the histogram bars represent the average of analyses on two replicates. 
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Transformations of Octacalcium Phosphate 
Pétrographie and X-ray diffraction analyses of the residues from 
CagH2(P04)5-5H20 incubated in glass-fiber paper envelopes in soils and in 
direct contact with the soils for 4, 16, and 44 weeks failed to reveal the 
presence of a phosphate more basic than CagH2(P0^ )6'5H20. It was not pos­
sible, therefore, to obtain a critical check on the validity of using the 
analysis of phosphate in envelopes as a substitute for the analysis of the 
phosphate in direct contact with soil. In the preceding section on the trans­
formations of CaHP04*2H20, the use of the envelopes to eliminate contamina­
tion of the phosphate with soil was found to be a valid technique in that 
the nature and extent of the transformations were similar in CaHP0^ /2H20 
in envelopes or in direct contact with the soil. There is no reason, 
therefore, to believe this technique is invalid in the case of the 
CagH2(P0^ )g*5H20 additions, and so the analysis of the phosphate in the en­
velopes will be used in this section as an indication of the transformations 
of CagH2(P0£,^ )6*5H20 in direct contact with soil. The mole ratios of calcium 
to phosphorus in the phosphate will be used for the same reasons given pre­
viously in the section on the transformations of CaHPOi^ *2H20. 
Before discussing the possible transformations of CagH2(P0^ )g*51120 
in soils, it is necessary to consider the composition of the salt prepared 
for incubation in soil. CagH.2(P0^ )g'5H20 is very difficult to prepare with 
the theoretical proportions of calcium and phosphorus (Bjerrum, 1958). 
Moreover, because of the peculiarities of the structure of this compound, 
the degree of hydration depends on the method of drying (Brown, 1962). 
The salt prepared for use in this investigation did not have the theoreti-
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cal composition but it did not depart far from the theoretical values. 
The theoretical calcium and phosphorus contents of CagH2(P0^ )5*5H20 are 
32.6% and 18.9%, respectively. The mole ratio of calcium to phosphorus is 
1.33. Analysis of the prepared material yielded 32.0% calcium and 18.8% 
phosphorus, giving a ratio of 1.31 moles of calcium to 1 of phosphorus. 
The small depression in the mole ratio of the preparation from the theoreti­
cal value of 1.33 is apparently due to a low calcium content because the 
phosphorus content was close to the theoretical value of 18.9%. A trace 
of CaHP04*2H20 was observed petrographically in the prepared CagHgCPO^ Dg' 
5^ 20; but the amount was too small to account for the difference between 
the theoretical and observed mole ratio of calcium to phosphorus (approxi­
mately 7% of CaHPO^ /ZHgO would have to be present to account for this 
difference). It is apparent, therefore, that the Ca8H2(P0|j^ )g*5H20 pre­
pared in this investigation was slightly deficient in calcium. 
The calcium and phosphorus contents of the residues remaining after 
incubation of CagH.2(P0/j.)g*5H20 in envelopes in soils for 4, 16, and 44 
weeks are shown in Table 34 (Appendix), and the corresponding mole ratios 
of calcium to phosphorus are shown in Table 30. 
Effect of pH and time 
The relationship between the mole ratio of calcium to phosphorus in 
residues from the incubation of CagH2(P04)5*5H20 in samples of Norfolk loamy 
sand and the pH of the soil is shown in Figure 24. After 4 weeks, the ratio 
was essentially unchanged from that of the prepared CagH2(PO4)6'5^ 20 (1.31) 
in the soil with a pH. value of 6.47, whereas at all higher pH values (with 
the exception of pH 8.7) the ratio was very close to the theoretical value 
Table 30. Mole ratios of calcium to phosphorus in residues from incubation of octacalciura phosphate 
in glass-fiber envelopes in soil at different pH values and with various treatments for 
4, 16, and 44 weeks 
4 weeks 16 weeks 44 weeks 
Soil Repli­ Av. pH of Mole ratio of Av. pH of Mole ratio of Av. pH of Mole ratio of 
treat­ cate soil during calcium to soil during calcium to soil during calcium to 
ment 
• -
incubation phosphorus incubation phosphorus incubation phosphorus 
Norfolk loamy sand (250C .) 
CaH2P207 1 
2 
6.69 1.31 
1.31 
5.79 1.31 
1.32 
5.62 1.31 
1.29 
- 1 6.47 1.31 6.43 1.33 6.33 1.34 
2 1.32 1.34 1.34 
CaF2 1 6.49 1.33 6.39 1.34 6.37 1.37 
2 1.33 1.34 1.34 
- 1 6.89 1.33 6.83 1.34 6.81 1.34 
2 1.34 1.34 1.34 
- 1 7.87 1.34 7.76 1.35 7.68 1.34 
2 1.33 1.35 "1.34 * 
1 
2 
7.89 1.35 
1.35 
7.71 1.34 
1.34 
7.61 1.34 
MgCl2 1 7.85 1.34 7.77 1.34 7.65 1.33 
2 — — 1.34 1.34 
CsCO^  1 7.93 1.33 7.81 1.34 7.61 1.32 
2 1.34 1.34 1.34 
- 1 8.71 1.31 8.71 1.30 8,71 1.30 
2 1.31 1.33 1.30 
CaFg 1 8.73 1.32 8.71 1.31 8.71 1.31 
2 1.31 
Lloyd clay loam (25OC 
1.32 
.) 
1.32 
- 1 6.19 1.31 6.15 1.34 6.09 1.32 
2 1.33 1.34 1.32 
- 1 6.87 1.34 6.78 1.34 6.67 1.33 
2 1.32 1.34 1.34 
- 1 7.53 1.34' 7.49 1.34 7.48 1.33 
2 1.34 1.34 1.31 
CaCO^  1 7.57 1.34 7.51 1.34 7.51 1.32 
2 1.34 1.34 1.34 
Table 30. (Continued) 
4 weeks 16 weeks 44 weeks 
Soil Repli- Av. pH of Mole ratio of Av. pH of Mole ratio of Av. pH of Mole ratio of 
treat- cate soil during calcium to soil during calcium to soil during calcium to 
ment incubation phosphorus incubation phosphorus incubation phosphorus 
Webster silty clay loam (250c.) 
- 1 6.56 1.32 6.51 1.34 6.46 1.34 
2 - — 1.33 
CaF2 1 6.56 1.34 6.48 1.35 6.47 1.36 
2 1.33 1.34 1.36 
_ 1 7.08 1.34 7.03 1.34 6.94 1.34 
2 1.34 1.34 1.34 
- 1 7.77 1.37 7.68 1.37 7.65 1.37 
2 1.36 1.37 1.38 
CaF2 1 7.78 1,36 7.67 1.37 7.63 1.38 
2 1.36 1.36 1.38 
CaCO^  1 7.79 1.38 7.71 1.34 7.69 1.40 
2 1.34 1.37 1.37 
Webster silty clay loam (350c.) 
- 1 6.53 1.31 6.47 1.35 6.39 1.33 
2 - - 1.35 
CaF2 1 6.52 1.34 6.41 1.36 6.37 1.36 
2 1.34 1.36 1.35 
1 7.06 1.35 6.98 1.36 6.84 1.34 
2 1.35 1.34 1.35 
CaH PgOy 1 7.35 1.33 6.97 1.34 6.81 1.34 
2 1.32 1.34 1.36 
MgCl2 1 7.63 1.35 7.54 1.37 7.51 1.36 
2 1.34 1.35 1.37 
- 1 7.71 1.37 7.63 1.37 7.56 1.40 
2 1.38 1.37 1.39 
CaFg 1 7.72 1.36 7.61 1.37 7.56 1.40 
2 1.36 1.40 1.41 
CCLGO ^ 1 7.75 1.37 7.65 1.41 7.60 1.40 
2 1.34 1.38 1.38 
Table 30. (Continued) 
Soil Repli- Av. pH of Mole ratio of Av. pH of Mole ratio of Av. pH of Mole ratio of 
treat- cate soil during calcium to soil during calcium to soil during calcium to 
ment incubation phosphorus incubation phosphorus incubation phosphorus 
Harpster silty clay loam I (25°C.) 
1 7.49 1.33 7.47 1.34 7.46 1.35 
2 - 1.34 1.34 
Harpster silty clay loam II (25°C.) 
1 7.51 1.34 7.49 1.35 7.50 1.34 
2 - 1.33 
Darling Downs clay (25°C.) 
1 7.80 1.34 7.72 1.35 7.71 1,36 
2 1.35 1.34 1.36 
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Figure 24. 
AVERAGE pH OF SOIL DURING INCUBATION 
Mole ratio of calcium to phosphorus in residues from incubation of octacalcium phosphate at 
25°C. for 4, 16, and 44 weeks in glass-fiber paper envelopes in Norfolk loamy sand to which 
various substances were added versus the average pH of the soil during incubation. The 
points represent the average of analyses on two replicates. 
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for this compound (1.33). After 16 and 44 weeks, the ratios were unchanged 
from those at 4 weeks except for the soil sample at pH 6.3 to 6.5 in which 
the ratio had increased to approximately 1.34. The phosphate from the soil 
samples with a pH value of 8.7 had calcium-to-phosphorus ratios equivalent 
to the prepared CagH2(P0/^ .)g'5H20 (1.31) irrespective of the incubation period. 
The increase in the mole ratio of calcium to phosphorus from 1.31 to 
a value of 1.33 to 1.34 at most pH values could indicate that transforma­
tion of CagH2(PO/^ )g• 5H2O to Caj^ Q(0H.)2(P0i^ )g was occurring. (As shown in 
Table 29, the theoretical mole ratio of calcium to phosphorus in 
Caj^ g(0H)2 (PO/j.)g is 1.67.) All other evidence, however, is against this pos­
sibility. The hydrolysis of CagH2(P04)g'5H20 to Ca^ Q(0H)2(P0i^ )g is pH-
dependent, and the extent of the hydrolysis should increase with increasing 
pH. At pH 8.7, however, essentially no change in the mole ratio was ob­
served, even after 44 weeks. Consideration should also be given to the fact 
that there was little difference between the mole ratios at 4, 16, or 44 
weeks. If the conditions were suitable for Ca^ Q(0H)2(P0£j)g formation, one 
would expect the amount to increase with time, resulting in a parallel in­
crease in the calcium-to-phosphorus ratio. Finally, direct tests for 
Ca]^ o(OH)2(POij^ )g gave negative results. X-ray diffraction provided no evi­
dence for the presence of crystalline species other than CagH2(P0^ )g*5H20. 
Pétrographie examination of the residues showed only CagH2(PO^ )g'5H2O 
with a slight trace of CaHPOij,*2H20 in many instances. A trace of CaHP0i^ *21l20 
was present as an impurity in the starting material, and presumably some of 
this remained at the end. 
It is apparent that there must be some other reason for the slight 
increase in the mole ratio of calcium to phosphorus noted at all pH values 
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except 8.7. The CagH,(PO^ )g *5H2O used in this investigation was prepared 
by the hydrolysis of CaHPO^ 'lHgO in a sodium acetate buffer solution. 
Analysis of the prepared Cagll2(P0^ )g*5H,0 indicated a slight deficiency of 
calcium which was still evident in the phosphate after incubation in the 
soil adjusted to pH 8.7 with Na2C03. It seems reasonable to infer, .there­
fore, that the slightly calcium-deficient salt added took up enough cal­
cium from the soil solution to satisfy the theoretical ratio of calcium to 
phosphorus except where Na2C02 was added. The Na^ CO^  would produce a low 
concentration of calcium in the soil solution, and this might account for 
the persistent calcium deficiency observed in the CagH2(P0i^ )g-5H20 at pH 8.7. 
The analyses of phosphate residues isolated from samples of Lloyd clay 
loam after 4, 16, and 44 weeks (Table 30) showed little or no trend in the 
calcium-to-phosphorus ratio with pH or time. As in the case of Norfolk 
loamy sand, the incubated phosphate quickly attained mole ratios close to 
the theoretical value of 1.33 for CagH26"5H20« Pétrographie and X-ray 
diffraction analyses showed no new phosphate phases. 
Figure 25 illustrates the relationship between the mole ratio of cal­
cium to phosphorus and soil pH for Webster silty clay loam incubated 4, 16, 
and 44 weeks at 25°C. The trends in the mole ratio were the same as those 
discussed previously for Norfolk loamy sand with the exception of the treat­
ments in which the soil pH was above 7.5. The calcium-to-phosphorus ratios 
of the phosphate from these latter treatments were significantly higher than 
those found in phosphate isolated from soil samples with pH values less 
than 7.5. Pétrographie analysis of the phosphate from the soils with pH val­
ues greater than 7.5 showed that a new crystalline phase was present. This 
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phase was difficult to detect amid.the clusters of CagH2(P0ij_)g •5H2D 
crystals (Figure 26). It occurred as relatively large platy crystals, the 
refractive index of which varied from less than. 1.50 to greater than 1.60. 
When viewed under crossed niçois, these crystals exhibited a wide range of 
interference colors (Figure 25), which indicated that they possessed two 
or more refractive indexes that were rather different. Ga3^ o(OH)2 (P0i;)5 
has two refractive indexes that are very nearly equal in magnitude (co = 
1.647 and € = 1.640), and thus the compound does not exhibit a great 
range in interference colors when viewed under crossed niçois. The optical 
properties of the new phase appeared to fit those of CaCOg ( CO = 1.654 
and £ = 1.487). A positive qualitative test for carbonate was obtained 
by locating crystals of the new phase in a microscope field and observing 
the production of gas when dilute hydrochloric acid was added at the side 
of the cover slip and allowed to move into the field. The presence of 
CaCOg would explain the high ratios of calcium to phosphorus in the phos­
phate isolated from the soil samples with pH values greater than 7.5. 
When Webster silty clay loam was incubated at 35°C. (Figure 27), the 
new crystalline phase identified as CaCOg was found in the residues of 
Ca8H2(P04)g*5H20 incubated in the soil samples with pH values greater than 
7.5. The formation of this phase was reflected in the increase in mole 
ratios of calcium to phosphorus. At pH values below 7.5, the trend in the 
mole ratio was the same as that described previously for the Norfolk soil 
except that the ratio tended to attain a slightly higher ratio of 1.34 
to 1.35. 
The relationships between the mole ratios of calcium to phosphorus in 
residues from incubation of CagH2(P0^ )g*5H20 at 25°C. and the pH of all the 
Figure 26. Photomicrographs of the residue from incubation of octacalcium 
phosphate at 25°C. in a glass-fiber envelope in Webster silty 
clay loam (pH 7.7) for 44 weeks (X430). A. Needlelike octa­
calcium phosphate crystals with two large crystals of calcium 
carbonate barely visible as dark bodies near t^ e center. The 
calcium carbonate formed during incubation. B. As in A ex­
cept that the photograph was taken with polarized light 
(crossed niçois). The thin octacalcium phosphate crystals 
with their low birefringence fail to show, whereas the crys­
tals of calcium carbonate, which are much thicker and have 
high birefringence (indicated by the interference colors), 
are easily seen. 
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soils at 4, 16, and 44 weeks are shown in Figures 28, 29, and 30, respec­
tively. Except for the anomalies in Webster silty clay loam above a pH 
value of 7.5 and in Norfolk loamy sand at pH 8.7, the relationship between 
the mole ratios of calcium to phosphorus and the pH is similar for all 
soils at 4, 16, and 44 weeks. After the calcium-deficient CagH2(P04)5*51120 
took up sufficient calcium to produce a mole ratio of calcium to phosphorus 
approximating the theoretical ratio, the ratio stayed constant with in­
creasing soil pH and period of incubation, indicating that little or no 
transformation of CagH2(P04)5*5H20 to more basic phosphates was occurring. 
Effect of temperature 
Webster silty clay loam was the only soil subjected to an incubation 
temperature of 35°C. as well as 25°C. There appeared to be little, if any, 
effect of temperature on the calcium-to-phosphorus ratios at a given pH 
after 4, 16, or 44 weeks.(Table 30). 
Effect of magnesium 
In the sample of Norfolk loamy sand containing added magnesium, the 
ratio of calcium to phosphorus was essentially the same at 4, 16, and 44 
weeks as that in the corresponding sample which had not received additions 
of magnesium (Figure 24). This result is to be expected because there was 
no evidence of Ca^ g(0H)2(^ 04)5 formation in the soil at any pH value, even 
after 44 weeks. 
In the work on Webster silty clay loam, magnesium was added only to 
the sample incubated at 35°C. (Figure 27). The added magnesium appears to 
have depressed the mole ratio of calcium to phosphorus at each period of 
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incubation. This effect may be attributed to the observed reduction in 
the formation of CaCOg as a new crystalline phase in the phosphate resi­
dues. The reduction could have been due to the lower pH produced in the 
soil samples containing added magnesium. It is also conceivable 
that the added magnesium directly affected the CaCOg formation in some 
manner. 
No definite evidence for hydrolysis of CagHgCPOy^ g'SHgO to 
Ca^ Q(0H)2(P0y)g was found in this work with soils. Consequently, the ef­
fect of magnesium in inhibiting the hydrolysis, observed by Brown et al. 
(1962) to take place ^  vitro, could not be checked. 
Effect of pyrophosphate 
The formation of calcium orthophosphates is known to be inhibited by 
pyrophosphate (Larsen and Widdowson, 1966). Pyrophosphate in the form of 
CaH2P20y was added to a sample of Norfolk loamy sand (pH 7.91) and to a 
sample of Webster silty clay loam (pH 7.71) to see what effect it would 
have on the hydrolysis of CagH2(P0ij.)g*5H20 .in soil. Unfortunately, this 
specific effect could not be detected because no hydrolysis of the phos­
phate was observed in these or any other soils. 
In Norfolk loamy sand, the pyrophosphate hydrolyzed and caused a marked 
drop in pH (Figure 24). The mole ratio of calcium to phosphorus of the 
phosphate incubated for 4, 16, and 44 weeks exhibited very little change from 
the ratio of the prepared CagH2(P0ij^ )5'5H20. It is possible that the acid 
conditions, particularly at 16 and 44 weeks, were not favorable for the up­
take of calcium by the calcium-deficient CagH2 (POi,.)g• 5H2O to produce the 
theoretical mole ratio of calcium to phosphorus of 1.33. 
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The. pH of Webster silty clay loam containing added pyrophosphate did 
not decrease as markedly as that of Norfolk loamy sand, even though the 
former was incubated at 35°C. (Figure 27). At a given pH, there is little 
difference between the mole ratios observed with the soils containing added 
pyrophosphate and those not containing this compound. 
Effect of fluoride 
It is apparent from Figure 24 that the added fluoride had no signifi­
cant effect on the ratio of calcium to phosphorus in the residues from 
CagH2(P0i^ )g-5H20 incubated in Norfolk loamy sand at acid or alkaline pH 
values, even after 44 weeks. Similar results were obtained with Webster 
silty clay loam incubated at 35°C. (Figure 27). Pétrographie and X-ray 
diffraction analyses of the CagH.2(P0i,.)6'5H20 incubated in the fluoride 
treatments failed to show the presence of Caj^ o^ 2 ^ 0^4)6* The reaction of 
^^ 8^ 2 ^^^ 4^ 6*^ 2^  with fluoride to form Ca2^ QF2 (P0/;)5, known to occur in 
vitro (Farr et , .1962), thus did not occur under the conditions of this 
investigation or took place so slowly that it could not be detected in 44 
weeks. 
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SUMMARY AND CONCLUSIONS 
The objectives of Part II of this dissertation were (a) to develop 
techniques for obtaining qualitative and quantitative data on the trans­
formations of CaHP04*2H20 and Cagll2(PO4)6'5H2O added to slightly acid and 
alkaline soils and (b) to use these techniques to investigate the factors 
affecting these transformations. 
Small quantities of CaHP0i^ -2H20 and CagHg(^ 4^)6'^ 2^0 were incubated 
in soil in glass-fiber paper envelopes and in direct contact with the soil. 
Pétrographie and X-ray diffraction analyses showed that the nature and ex­
tent of the transformations which occurred in the phosphate were similar 
in residues in the envelopes and in residues in direct contact with the 
soil. The residues in the envelopes could be recovered without contamina­
tion by the soil particles, and the ratio of calcium to phosphorus in these 
residues gave a quantitative measure of the transformation to more basic 
phosphates under different conditions. For the detection of new phases, 
pétrographie analysis was more sensitive than chemical analysis, which in 
turn was more sensitive than X-ray diffraction analysis. 
To investigate the effect of various factors on the transformations 
of CaHPO^ 'ZHgO and CagH2(PO^ )g -5H2O, these phosphates were incubated in 
various soils for 4, 16, and 44 weeks, in most instances at 25°C. Some 
of the soils had been adjusted to different pH values and some contained 
added substances. 
CagH2(PC4)5*5H20 was positively identified as a transformation product 
of CaHP0ij.*2H20 in all soils. The transformation followed a similar pattern 
in each soil, being controlled primarily by the soil pH even though the 
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soils varied widely in chemical and physical properties. In general, the 
formation of CagH2(P0i^ )5*5H20 increased with increasing pH above a certain 
limiting pH value which depended on the duration and temperature of in­
cubation. GagH2(P04)g*5H20 was identified as a new phase after 4 weeks 
in the residues of CaHPO^ /ZHgO which had been incubated at IS^ C. in Norfolk 
loamy sand with a pH value of 8.7 and in the residues in Webster silty clay 
loam (pH 7.7) which had been incubated at 35°C. After 44 weeks, 
Cagll2 (PP^ )g"51120 was detected as a new phase in all soils incubated at 
25°C. at pH values greater than 7.4. In Webster silty clay loam which had 
been incubated for 44 weeks at 35°C., CagH2(P0^ )g-5H20 was formed at pH 
values as low as 5.8. 
The extent of the transformation of CaHPOij.'2H20 to CagH2 (P0^ )g*5H20 
increased with time, but the rate of the reaction decreased with time as 
the surface of the CaHP04*2H20 crystals became covered with the new phase. 
In Webster silty clay loam, which was incubated at 25°C. and 35°C., the 
formation of CagH2(P0i^ )g-5H20 was greater at 35°C. than at 25°C. 
Addition of magnesium chloride to Norfolk loamy sand depressed the 
formation of CagHgCPO^ Dg'SH^ O at 4, 16, and 44 weeks. This depressive ef­
fect also occurred in Darling Downs clay, which contained a high content 
of natural magnesium. Addition of magnesium chloride to Webster silty clay  ^
loam incubated at 35°C<., however, had little effect on the transformation 
of CaHPOij.*2H20, presumably due either to a lower concentration of magnesium 
in the soil solution or to the effect of the higher temperature in over­
coming the inhibiting effect of magnesium ions. 
No definite conclusions could be reached about the effect of added 
pyrophosphate on the transformation of CaHPO^ /ZHgO because, hydrolysis of 
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the pyrophosphate decreased the soil pH to a level at which CagH2(P0i^ )g* 
5H,0 was not found in corresponding soil treatments which had not received 
pyrophosphate. 
In soils containing added fluoride, no new phase other than 
Cag'H.2 (^ 04)6"5H^ 0 was identified in residues of CaHP0i(.*2H20 by pétrographie 
and X-ray diffraction analysis. Calcium and phosphorus analyses of resi­
dues of CaHPOi^ -2H20, however, indicated that the formation of a phosphate 
more basic than CagH2(POij.)g• 5H,0 had occurred. In vitro, fluoride has been 
shown to react with CaHP04*2H20 or CagH2(P0^ )g"5H20 to form Caj^ QF2 CPOi^ )g. 
In Norfolk loamy sand with a pH value of 6.4, evidence was obtained for 
the reaction of the added fluoride directly with CaHP0^ '2H20 to form 
Ca]^ 05*2^ 0^4)5- In. all the other instances in which fluoride was added, no 
definite conclusion could be made as to whether the Ca2^ QF2(PO^ )g presumed 
to have formed had been produced by reaction of fluoride with 
CagH2(PO4)g'5H2O, CaHPOij.*21120, or both. The parallel investigation of the 
transformations of CagH^ CPO^ Dg'SHgO added to soils, however, indicated 
that this phosphate did not react with added fluoride to form Ca^ gPgCPO^ Dg. 
Pétrographie and X-ray diffraction analyses of residues of 
CagH2(PO4)g'5H2O incubated in soils did not detect the formation of any 
new phosphate phase. The CagH2(P04)6"5H20 prepared for incubation in soil 
was slightly calcium-deficient and appeared to react quickly with calcium 
in the soil to produce a residue with a mole ratio of calcium to phosphorus 
close to the theoretical value of 1.33. With the exception of the phosphate 
in Webster silty clay loam at pH values greater than 7.5, the ratio of 
calcium to phosphorus in residues from CagH2(P0^ )g"5H20 incubated in all 
soils remained essentially constant with increasing pH and time of incu-
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bation and maintained a value close to the theoretical value for 
(^ 8^% 6'. The calcium-to-phosphorus ratios of residues in 
Webster silty clay loam at pH values greater than 7.5 were significantly 
higher than 1.33. In these instances, CaCOg was identified as a new phase 
intermixed with the CagH2(P0i^ )g*5H20. 
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Table 31. Crystal system and refractive indexes of. dibasic calcium 
phosphate dihydrate and some of its possible transformation 
products 
Compound Crystal system Refractive indexes^  
CaHPO^ 'ZHgO 
CagHgCPO^ Dg'SHzO 
Caj^ Q(OH)2(POi^ )6 
CaioF2(PO^ )^  
Monoclinic 
Triclinic 
Hexagonal 
Hexagonal 
a = 1.540 
P = 1.545 
y = 1.551 
a = 1.576 
P = 1.583 
Y = 1.585 
63 = 1.647 
e = 1.640 
6) = 1.633 
€ = 1.629 
D^ata from Lehr et al. (1967). 
Table 32. Calcium and phosphorus contents of residues remaining after the incubation of dibasic 
calcium phosphate dihydrate& in glass fiber paper envelopes in soils for 4, 16, and 
44 weeks 
pH of soil Soil Calcium content. % Phosphorus content , % 
before in­ treat­ Repli­ 4 16 44 4 16 44 
cubation ment cate weeks weeks weeks weeks weeks week: 
Norfolk loamy sand (250c.)b 
6.41 1 23.3 23.4 23.4 18.0 18.0 18.0 
2 23.4 23.2 23.4 18.1 18.2 18.1 
6.41 CaF2 1 23.1 23.2 23.9 18.0 18.0 18.0 
2 23.2 23.3 23.6 17.8 18.0 18.0 
6.87 —  —  1 23.3 23.3 23.5 17.9 18.0 18.0 
2 23.3 23.5 23.2 18.2 18.1 18.0 
7.91 — —  1 23.6 24.7 23.9 17.9 17.7 17.5 
2 23.5 23.7 23.8 18.0 17.9 17.8 
7.91 CaF2 1 23.8 25.8 24.0 18.3 17.9 17.9 
2 23.4 26.3 25.3 18.2 17.8 17.8 
7.91 MgCl2 1 23.0 23.0 22.7 18.1 17.7 17.3 
2 —  —  23.1 22.9 —  —  17.7 17.6 
7.91 Callo PgO — 1 23.4 23.3 23.3 18.3 18.1 18.0 
2 23.6 23.2 23.1 18.4 18.0 18.1 
7.91 CaCOo 1 23.5 23.9 24.7 18.0 17.8 17.9 
2 23.6 24.7 27.5 18.2 17.9 17.9 
8.70 — —  1 24.8 25.5 24.0 17.8 17.3 16.3 
2 24.6 25.3 25.6 17.6 17.4 16.6 
8.70 CaF2 1 24.5 25.5 25.9 17.6 17.3 17.1 
2 24.6 25.1 25.5 17.5 17.3 17.0 
Experimentally determined calcium and phosphorus contents of CaHPO^ /ZH^ O were 23.3% and 18.0%, 
respectively, in agreement with the theoretical contents. 
 ^Temperature of incubation. 
Table 32. (Continued) 
pH of soil Soil Calcium content. % Phosphorus content , % 
before in­ treat­ Repli- 4 ' 16 44 4 16 44 
cubation ment cate weeks weeks weeks weeks weeks V7eek£ 
Lloyd clay loam (25°C.) 
6.21 mm — 1 23.1 23.1 23.4 18.0 18.0 17.9 
2 23.3 23.3 23.4 18.0 18.0 18.1 
6.81 — — 1 23.2 23.2 23.4 18.2 17.9 18.1 
2 23.1 23.2 23.3 18.0 18.0 18.1 
7.49 « #- 1 23.3 23.3 23.7 18.2 18.0 17.8 
2 23.1 23.3 23.7 18.0 18.0 18.1 
7.51 CâCO^  1 23.3 23.3 23.4 18.0 18.1 18.0 
2 23.2 23.4 23.9 17.9 18.0 18.2 
Webster silty clay loam (25°C.) 
6.53 mm mm 1 23.3 23.2 23.4 18.0 18.0 18.2 
2 — — 23.4 — — — — 17.9 
6.53 C&F2 1 23.3 23.5 23.4 17.9 18.2 18.1 
2 23.2 23.4 23.4 18.0 18.0 18.1 
7.04 mm mm 1 23.4 23.2 23.5 18.0 18.0 18.0 
2 23.4 — 23.3 18.0 — — 18.0 
7.71 — — 1 23.3 23.8 • 23.9 18.0 17.9 17.8 
2 23.3 23.4 24.0 18.1 17.9 18.0 
7.71 CaF2 1 23.3 23.5 25.0 17.8 18.0 17.7 
2 23.6 23.3 24.5 18.0 17.9 17.5 
7.75 CaCOg 1 23.5 23.6 24.9 17.9 17.9 18.0 
2 23.3 23.7 24.7 18.0 18.0 17.9 
Table 32. (Continued) 
pH of soil Soil Calcium content, % Phosphorus content, % 
before in­ treat­ Repli- 4 16 44 4 16 44 
cubation ment cate weeks weeks weeks weeks weeks weeks 
Webster i silty clay loam (350C.) 
6.53 — — 1 22.9 23.2 23.4 17.8 18.0 18.1 
2 — — 23.6 — — 18.0 
6.53 CaF2 1 23.3 23.4 24.2 17.9 18.2 18.1 
2 23.2 23.5 24.7 18.2 18.1 18.1 
7.04 — 1 23.4 23.3 24.1 18.3 18.1 18.0 
2. 23.2 23.3 24.1 17.9 18.1 18.1 
7.71 M — 1 23.6 24.9 28.8 17.9 17.8 18.1 
2 23.1 • 24.3 26.6 18.1 17.9 18.2 
7.71 CaF2 1 23.6 24.9 28.9 17.7 17.9 18.0 
2 23.6 25.7 27.8 17.8 18.1 18.2 
7.71 MgCl2 1 22.7 23.3 23.3 17.4 17.0 15.3 
2 23.0 25.6 23.3 17.5 17.8 15.5 
7.7,1 CaH^ PoO- 1 23.2 23.2 23.9 18.2 18.0 18.1 
^ ^ / 2 23.1 23.5 24.1 18.2 18i0 18.1 
7.75 CaCOo 1 23.4 25.4 25.1 17.9 18.1 18.1 
2 24.0 24.8 26.5 18.1 18.1 18.1 
Harpster silty clay loam I (25°CO 
7.51 1 • 23.2 23.4 23.3 18.1 18.0 17.8 
2 23.2 23.4 23.6 18.1 18.0 18.0 
Harpster silty clay loam II (25°C.) 
7.52 1 23.2 23.4 24.3 18.1 18.1 17.9 
2 23.1 23.0 25.0 18.1 18.1 17.9 
Darling Downs clay (25°C . )  
7.80 1 22.8 23.3 23.7 17.9 18.1/ 17.9 
2 23.2 23.4 23.5 18.1 17.9 17.9 
Table 33. pH values® of soils before and after incubation for 4, 16, and 44 weeks with various 
treatments at different pH values produced by preliminary incubation of the soils with 
calcium oxide 
Soil pH be­ pH after incubation Average pH during incubation 
treat­ fore in­ 4 16 44 4 16 44 
ment cubation weeks weeks weeks weeks weeks weeks 
Norfolk loamy i sand (250C.) 
- 6.41 6.53 6.46 6.25 6.47 6.43 6.33 
CaF2 6.41 6.57 6.38 6.32 6.49 6.39 6.37 
- 6.87 6.92 6.78 6.75 6.89 6.83 6.81 
7.91 7.84 7.61 7.45 7.87 7.76 7.68 
CaFg 7.91 7.88 7.51 7.30 7.89 7.71 7.61 
MgC12 7.91 7.78 7.62 7.40 7.85 7.77 7.65 
CaHoPoOy 7.91 5.48 5.54 5.52 6.69 5.79 5.62 
CaCOg 7.91 7.95 7.70 7.32 7.93 7.81 7.61 
- 8.70 8.72 8.72 8.72 8.71 8.71 8.71 
CaFg 8.70 8.76 8.72 8.72 8.73 8.71 8.71 
Lloyd clay loam (25°C.) 
~ 6.21 6.17 6.10 5.98 6.19 6.15 6.09 
- 6.81 6.93 6.75 6.53 6.87 6.78 6.67 
- 7.49 7.56 7.50 7.47 7.53 7.49 7.48 
CaGO^  7.51 7.63 7.50 7.51 7.57 7.51 7.51 
Webster silty clay loam (25°C.) • 
- 6.53 6.59 6.49 6.39 6.56 6.51 6.46 
CaFg 6.53 6.59 6.42 6.40 6.56 6,48 6.47 
- 7.04 7.12 7.01 6.84 7.08 7.03 6.94 
- 7.71 7.83 7.65 7.58 7.77 7.68 7.65 
CaF2 7.71 7.84 7.63 7.55 7.78 7.67 7.63 
CaCO^  7.75 7.83 7.68 7.62 7.79 7.71 7.69 
A^ll pH values were determined in O.Ol M CaCl2. 
Table 33. (Continued) 
Soil pH be­ pH after incubation Average pH during incubation 
treat­ fore in­ 4 16 44 4 16 44 
ment cubation weeks weeks weeks . weeks weeks weeks 
Webster silty clay loam (35°G.) 
_ 6.53 6.52 6.40 6.24 6.53 6.47 6.39 
CaF2 6.53 6.50 6.28 6.20 6.52 6.41 6.37 
- 7.04 7.08 6.92 6.70 7.06 6.98 6.84 
- 7.71 7.71 7.56 7.41 7.71 7.63 7.56 
CaF2 7.71 7.72 7.52 7-41 7.72 7.61 7.56 
MgCl2 7.71 7.56 7.37 7.30 7.63 7.54 7.51 
CaH2P2®7 7.71 6.99 6.76 6.70 7.35 6.97 6.81 
CaCOg 7.75 7.75 7.56 7.45 7.75 7.65 7.60 
Harpster silty clay loam I (25°C.) 
-
7.51 7.46 7.43 7.41 7.49 7.47 7.46 
Harpster silty clay loam II (25°C.) 
-
7.52 7.50 7.45 7.48 7.51 7.49 7.50 
Darling Downs clay (25°C. ) 
7.80 7.80 7.64 7.62 7.80 7.72 7.71 
Table 34. Calcium and phosphorus contents oC residues from incubation of octacalciura phosphate® 
in glass fiber paper envelopes in various soils at different pH values and with various 
treatments for 4, 16, and 44 weeks 
pH of soil Soil Calcium content, % Phosphorus content, % 
before in- treat- Repli- 4 16 44 4 16 44 
cubation ment cate weeks weeks weeks weeks weeks weeks 
Norfolk loamy ' sand (25°C . )  
6.41 1 31.6 32.7 31.6 18.6 18.3 18.3 
2 32.1 32.6 32.3 18.7 18.8 18.5 
6.41 CaF2 1 31.7 32.0 32.6 18.5 18.4 18.6 
2 32.1 32.5 32.8 18.7 18.7 18.5 
6.87 — —  1 32.1 32.2 32.3 18.6 18.6 18.6 
2 32.2 32.3 32.6 18.5 18.6 18.8 
7.91 M — 1 32.3 32.4 32.1 18.7 18.5 18.6 
2 32.0 32.5 31.9 18.6 18.4 18.4 
7.91 CaF2 1 32.5 32.3 32.2 18.5 18.5 18.5 
2 32.6 32.4 — M 18.7 18.6 — — 
7.91 MgCl2 1 32.1 31.9 31.7 18.5 18.5 18.4 
2 32.2 32.2 — — 18.6 18.7 
7.91 CaH2 P2O7 1 32.5 32.2 31.7 19.2 19.0 18.8 
2 32.3 32.3 31.8 19.0 18.9 19.0 
7.91 ChCO^  1 32.1 32.4 31.7 18.6 18.7 18.5 
2 32.2 32.3 32.2 • 18.6 18.6 18.6 
8.70 — —- 1 30.6 31.1 30.5 18.0 18.5 18.1 
2 30.8 30.9 31.2 18.2 18.0 18.5 
8.70 C&F2 1 31.1 31.3 31.3 18.2 18.3 18.4 
2 31.0 31.1 30.4 18.3 18.1 17.8 
T^heoretical calcium and phosphorus percentages of pure compound are 32.6% and 18.9%, re-
spectively. 
Table 34. (Continued) 
pH of soil Soil Calcium content, % Phosphorus content, % 
before in­ treat­ Repli- 4 16 44 4 16 44 
cubation ment cate weeks weeks weeks weeks weeks weeks 
Lloyd clay loam (25OC. ) 
6.21 — ## 1 32.3 32.0 32.2 19.0 18.4 18.9 
2 32.2 31.9 31.9 18.7 18.4 18.7 
6.81 — — 1 32.6 32.3 32.1 18.8 18.7 18.6 
2 32.2 32.5 32.4 18.8 18.7 18.7 
7.49 — — 1 32.1 32.5 31.9 18.5 18.7 18.5 
2 32.3 32.3 31.8 18.6 18.6 18.8 
7.51 CaCOg 1 32.5 32.5 31.8 18.8 18.7 18.6 
2 32.2 32.1 32.5 18.6 18.6 18.7 
Webster silty clay loam (25°C.) 
6.53 1 32.4 32.7 32.5 19.0 18.8 18.7 
2 — — — — 32.2 18.7 
6.53 CaF2 1 32.6 32.8 32.5 18.8 18.7 18.5 
2 32.6 32.6 32.6 18.9 18.7 18.6 
7.04 Ma 1 32.4 32.7 32.2 18.7 18.9 18.5 
2 32.8 32.4 32.1 19.0 18.6 18.4 
7.71 — — 1 32.3 32.5 32.6 18.3 18.5 18.2 
2 32.6 32.4 32.2 18.5 18.3 18.1 
7.71 CaF2 1 32.3 32.7 32.4 18.4 18.5 18.1 
2 32.8 32.5 32.2 18.6 18.5 18.0 
7.75 CaCO^  1 32.7 32.5 32.6 18.3 18.7 17.8 
2 32.3 32.8 32.3 18.6 18.5 18.3 
Table 34. (Continued) 
pH of soil Soil Calcium content, % Phosphorus content, % 
before in- treat- Repli- 4 16 44 4 16 44 
cubation ment cate weeks weeks weeks weeks weeks weeks 
Webster silty clay loam (350c.) 
6.53 M mm 1 32.3 32.5 32.2 19.0 18.6 18.7 
2 — — — — 32.3 — — —  —  18.5 
6.53 CaF2 1 32.6 32.6 32.6 18.7 18.5 18.5 
2 32.5 • 32.6 32.5 18.7 18.6 18.5 
7.04 — —  1 32.6 32.5 32.4 18.7 18.5 18,6 
2 32.6 32.5 32.1 18.7 18.8 18.3 
7.71 mm — 1 32.7 32.2 32.4 18.4 18.1 17.9 
2 32.6 32.5 32.7 18.2 18.3 18.1 
7.71 CaF2 1 32.7 32.2 32.5 18.5 18.2 17.9 
2 32.6 32.5 32.3 18.5 18.0 17.7 
7.71 MgCl2 1 32.0 31.5 31.5 18.3 17.7 17.9 
2 32.4 31.5 31.0 18.8 18.0 17.4 
7.71 CaH2P207 1 32.5 32.3 32.1 18.9 18.6 18.4 
2 32.4 32.4 32.1 18.9 18.7 18.2 
7.75 CaCO^  1 32.7 32.5 32.4 18.5 17.9 17.9 
2 32.7 32.7 32.2 18.9 18.3 18.0 
Harpster silty clay loam I (25°C.) 
7 .51 1 —  32.5 32.2 — 18.6 18.3 
2 32.3 32.4 32.1 18.7 18.6 18.4 
Harpster silty clay loam I-I (25°c . )  
7.52 MM 1 —  —  32.6 32.4 —  —  18.6 18.7 
2 32.4 32.3 31.9 18.7 18.7 —  —  
Darling Downs clay (25°C.) 
7.80 1 32.3 32.3 32.5 18.6 18.5 18.5 
2 32.5 32.1 32.6 18.6 18.6 18.5 
